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Abstract
The relative motion between fluids and structures generates aerodynamic drag which leads to
energy consumption. This increases when functional constraints limit the geometry to bluff
body shapes. Although there exist solutions for reducing the drag of such bodies, nowadays
devices must satisfy multiple functionalities. The 3D Woven, 3DW , material adheres to this
necessity through a periodic, porous architecture, manufactured via 3D weaving techniques.
Initially, 3DW was developed to perform heat transfer tasks whilst maintaining the required
structural properties. The present work, investigated 3DW material to reduce the aerody-
namic drag of circular cylinders. The customization of 3DW structural properties supports
the replacement of a solid portion of the cylinder with a porous insert, providing an addi-
tional saving in power consumption through weight reduction, provided that the stiffness and
strength are maintained. Three configurations with the 3DW placed at the Stagnation, the
Separation, and at the Leeward regions were assessed. The direct drag measurements, and
the static pressure readings at the inner and at the outer surfaces of 3DW material suggested
suitable mechanisms for the drag reduction. When placed at the Leeward region, the mean
streamlines were deflected within the medium, delaying the separation and increasing the
base pressure recovery. Despite the flow similarities flow, the Separation configuration gen-
erated detrimental results suggesting the importance of the configuration geometry on the
performance. Alternatively, when the coating was placed at the Stagnation region, the incom-
ing flow penetrated the substrate, outflowing near the coating boundaries. Here, it promoted
turbulence within the boundary layer and delayed the flow separation. Subsequent modifi-
cations of the material topology confirmed the insights on the physics and highlighted the
relevance of the internal flows for drag reduction. Besides, the near-wake analysis suggested
Xthe impact of the boundary layer velocity profile on the Strouhal number value, additionally
to the base pressure coefficient.
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1Introduction
1.1 Problem Statement
The relative motion of objects through viscous fluids generates a resisting force called aero-
dynamic drag. Functional requirements may constrain the geometry of such bodies, resulting
in a bluff shape. For instance, this can be that of heavy-weight vehicles for transporting peo-
ple or cargo, autonomous vehicles’ frames, or pipelines delivering raw material to factories.
Their geometry amplifies the drag which leads to consequences on the foundation’ size of
fixed structures and the power consumption of vehicles.
1.2 Importance
The use of fossil fuel to drive vehicles produces CO2 emissions amongst others, which cause
global warming. Further, it intensifies environmental pollution, putting people’s health at
risk. Although cleaner energy technologies are beginning to replace internal combustion
engines, they are still facing the challenge of limited energy storage. Reducing the drag
decreases the usage of fossil fuel, hence the CO2 emissions, or, extends the operating life of
all the vehicles. It helps for the development towards a sustainable, low energy emissions
future.
2 1 Introduction
1.3 Objectives
This study investigates the impacts of a structured metallic woven coating, namely 3D Wo-
ven, (3DW ) towards the drag reduction and the control of the flow field around a bluff body.
In particular, the following points were investigated:
 the sensitivity of the flow field and the drag coefficient to the coating angular location;
 the sensitivity of the flow field and the drag coefficient to the coating architecture;
 the performance of the layer against distributed and localized surface texture.
Subject to the success of the experiments, the study would expand the material’s multi-
physics framework which is already inclusive of the thermal and the structural domains
examined in previous studies.
1.4 Scope
The research was limited to experimental work combined with an assessment of previous
work in the field. Given the aerodynamic nature of the project, the porous coating has been
3D printed, albeit the actual material can also be produced using 3D weaving technologies.
The circular cylinder is a suitable benchmark for bluff bodies with moveable separation
point and represents the canonical bluff body. The Reynolds number range, Re, based on
the body diameter, was limited within 5e4 < Re < 11e4, for which comprehensive research
has been undertaken for circular cylinders. The coating covered three azimuthal locations
where the boundary layer has not yet separated. Specifically, two configurations were covered
at the stagnation and separation regions. The coating was extended from the separation to
the base region for the third one. Each configuration included three architectures. A default
topology was modified at the interface and at the internal region, based on the velocity profile
characteristic of the flow over porous walls. Two load-cells measured the drag coefficient, CD.
The flow field was investigated through pressure transducers, Laser Doppler Anemometry,
and a hot-wire. The latter allowed the estimation of the Strouhal number, St.
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As nature teaches us, thin, sharp bodies like birds’ and insects’ wings perform better on the
interaction with fluids. However, natural systems need to accomplish multiple functional re-
quirements which bias their final shapes, as demonstrated by birds’ or fish’s bodies. From an
aerodynamic perspective, those geometries are referred to as bluff, and lead to strong inter-
action with the fluid which, generates a high resistance to the motion, namely aerodynamic
drag. This can be expressed using a non-dimensional coefficient, CD. Given a Cartesian frame
of reference, xyz, fixed on an object immersed in a fluid, where x is aligned with the direction
of motion, and Fi, ui and Ai are the force applied on the body in the i−th direction, the
relative velocity between the object and the fluid, and the cross-section normal to it,
CD =
Fx
1
2
ρu2xAx
(2.1)
where ρ is the fluid density. CD is function of the Reynolds number, Re, and the Mach
number, Ma, (Fox et al., 2004). These two non-dimensional numbers are defined as
Re =
ρuL
µ
(2.2)
and
Ma =
u
c
(2.3)
where u is the flow speed, µ is the dynamic viscosity, c is the speed of the pressure waves in
the medium, and Lc is the characteristic body length. In the present work the body diameter,
D, is employed as the reference length since it concerns circular cylinders. The CD can be
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split as
CD = CDp + CDf (2.4)
which represents the contribution of the pressure, CDp, and friction, CDf , sources for the
normal and tangent stresses. For circular cylinders, when Re ≈ O(1e4), CDf becomes negli-
gible and the drag is mainly due to the pressure difference upstream, and downstream the
body, (Zdravkovich, 1997).
A wide range of technological applications such as cabling structure, pipes, frontal ship-hulls,
human limbs, antennas, bridges, and high-rise buildings are characterized by the presence of
convex surfaces. In fact, most of them can be approximated by long span cylinders of high
aspect ratio, AR = D/L , where D is the diameter and L is the body span. Thereby, the in-
finite circular cylinder has been served as the baseline for research activity on convex surface
bodies for its constant curvature, which makes it relatively easy and low-cost to manufac-
ture. This promoted huge activity around it and, produced comprehensive literature, mainly
summarized in (Zdravkovich, 1997), and (Zdravkovich, 2002).
Usually, devices belonging to the aerospace, or the automotive industries are requested to
satisfy multiple functional requirements among those related to the aerodynamics, and it
is the engineer’s task devising solutions to optimize its behavior within the assigned con-
straints. This field takes the name of flow control and its fundamentals will be introduced
in the next section. Despite the extensive literature and the multiple goals of flow control,
the section will present the solutions to reducing the drag of bluff bodies, only. Specifically,
separation control of wall-bounded, shear flows, and the near-wake. Eventually, it will review
the solutions devised for circular cylinders, after a brief introduction to their aerodynamics.
2.1 Existing Approaches to Flow Control
Flow control can be thought as any action to bias the flow to evolving differently from its
natural dynamic to achieving given goals, (Gad-el-Hak et al., 1998). Focusing on those linked
with the aerodynamic forces exerted on the body, they can be listed as
 laminar to turbulent transition delay;
 turbulent transition promotion;
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 separation delay;
 separation promotion;
with the practical purpose of reducing the drag or increasing the lift-to-drag ratio. As re-
marked in (Gad-el-Hak et al., 1998), achieving one goal can introduce some drawbacks in
the system. For instance, promoting turbulent transition by generating a laminar separation
bubble on a lifting surface can delay the separation, but it may increase the wing sensitiv-
ity to the angle of attack, eventually producing stall. On the other hand, delaying the flow
separation can increase the lift, but the turbulent boundary layer would produce a higher
friction drag. Eventually, all the flow control’s goals are interlinked. The optimal solution
needs to be adjusted to match the device functional requirements.
Active or passive control schemes can be implemented, depending on whether the energy is
provided to the system. When active control is performed, there must be either predeter-
mined actuation schemes regardless of the flow evolution, or reactive solutions which might
be implemented via feed-forward, or feed-back architectures. Both of them require real-time
sensing.
Generally, it is useful to understand which are the parameters to be modified to achieve
a given goal. If separation delaying is sought, the Navier-Stokes Equations, NSE, for the
momentum conservation of an incompressible, wall-bounded flow are helpful. Taking a frame
of reference, x, y, z, where x is the flow direction and y points out of the wall, the NSE can
be written as
ρvw
∂u
∂y
|y=0 + ∂p
∂x
|y=0 − ∂µ
∂y
|y=0∂u
∂y
|y=0 = µ∂
2u
∂y2
|y=0 (2.5)
for the x direction,
∂p
∂y
|y=0 = µ∂
2v
∂y2
|y=0 (2.6)
for the y direction,
ρvw
∂w
∂y
|y=0 + ∂p
∂z
|y=0 − ∂µ
∂y
|y=0∂w
∂y
|y=0 = µ∂
2w
∂y2
|y=0 (2.7)
and for the z direction. Here, p is the fluid pressure, vw is the injection, or suction wall
velocity and the right-hand side, RHS, of each equation represents the curvature of the
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velocity profile at the wall. The RHS in Equation 2.5 and Equation 2.7 also represent the
vorticity flux, as in (Lighthill, 1963). If RHS < 0, ∇ · ωk > 0, the wall is a source of
vorticity. Although this increases the skin friction, it produces a fuller velocity profile for the
greater momentum transport to the near-wall, which makes the flow more resilient towards
separation. By looking at the equations, for RHS < 0
 vw < 0, hence fluid injection must happen;
 a favourable pressure gradient must be present;
 the viscosity must increase with the distance from the wall.
However, an effective, yet practically simple solution to produce a fuller velocity profile is
promoting turbulence within the boundary layer, (Schlichting, 1979). The next paragraph
will describe a few solutions which implement the above methods.
Wall-Bounded Shear Flows
Conventionally, devices which are known to promote turbulence in the boundary layers are
called turbulators. Besides those of active types, which promote the growth of the Tollmienn-
Schlichting waves, passive protuberances can generate transition through the interaction be-
tween the boundary layer and the free-flow. The most common shapes include bumps, wires,
ridges, and serrations. One of the conventional and most efficient solution to promote turbu-
lent transition require the application of a trip-wire over the body surface, as in (Fage and
Warsap, 1929), (David, 1972) and (Pearcey and Cash, 1982). Nevertheless, the device must
be tailored to the application to minimize the boundary layer thickness, being a thicker one
more sensitive to separation.
However, once the boundary layer is turbulent, it can still separate. Thus, the transition to
turbulence must be coupled with other solutions, such as shaping the body by modifying the
pressure gradient. For instance, (Schubauer and Spangenberg, 1960) showed how a stream-
wise, non-constant pressure gradient with a steep rise followed by a milder one best exploits
the natural boundary layer mixing, and suppresses separation. Flow transpiration represents
another option. Specifically, if there is neither an imposed pressure gradient, nor a viscosity
gradient, when vw < 0⇒ RHS < 0, which implies a fuller velocity profile. A successful solu-
tion implemented as active suction was tested by Prandtl during his pioneering experiments
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applied on a side of a circular cylinder. However, the devised solution required a continuous
energy provision. Passive transpiration control can be achieved via porous substrate, how-
ever, up to date they have been effectively applied to control transonic, and supersonic flows
only, as shown in (Bauer and Hernandez, 1988) and (Viswanath, 1988). Finally, the viscosity
gradient can be changed by inducing heat transfer between the wall and the fluid. (Lankford,
1960) and (Lankford, 1961) employed solutions for cooling or heating the near-wall fluid, de-
pending on the fluid state.
Another approach to suppress turbulent boundary layer separation moves the contact sur-
face parallel to the mean flow direction to provide a source of momentum in the near-wall
region. Despite the technological implementation includes several issues, (Modi et al., 1981)
and (Modi et al., 1991), carried out experimental studies on a number of airfoils equipped
with rotating flaps. The results revealed an improvement of the lift up to 200% and a stall
delayed up to 48°. Later, (Modi et al., 1990) extended the application to trucks, lowering
the drag by 27%. The device required a low energy amount to work, and it did not increase
the system complexity. Equivalent solutions for generating slip at the wall are represented
by trapping free vortices which, however, must be controlled through suction, for instance,
to avoid their shedding, as in (Chow et al., 1985), (Haight C. et al., 1974), and (Gad-el-Hak
et al., 1998).
Alternatively, Vortex generators can modify the velocity profile by redirecting high mo-
mentum flow towards the near-wall region. This can be achieved through lifting surfaces,
orientated perpendicularly to the main body surface. They have been used since the early
40’s for compressor blades, diffusers and airfoils, (Taylor, 1948), (Staniforth, 1958), (Brown
et al., 1968) and (Pearcey, 1961). However, the generation of a vortex is a source of drag
itself: the delay of separation must be weighed against the increase of parasitic drag in the
sense of local form drag.
Passive turbulence amplification augments the cross-flow momentum transport by altering
the Reynolds shear stresses. This can be achieved by placing small appendices outside the
boundary layer. (Sajben et al., 1977) located cylindrical ring within a diffuser to suppress
the flow separation at the outlet. The flow was within the incompressible range and the
approaching boundary layer was turbulent. It successfully discovered that placing a ring-
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shaped device of thickness, h = O(δ), where δ is the boundary layer thickness, at a distance,
d = O((4−8)δ), above the boundary layer top-edge, the separation was suppressed. Hot-wire
studies revealed that the interaction between the device wake and the boundary layer pro-
duced a shear layer which modified the cross-flow momentum transport, leading to a fuller
velocity profile. The reduction of pressure loss outweighs the increasing of the parasitic drag
due to the device’s wake. Similarly, (Corke et al., 1980) replaced the cylinders with flat plates.
The study revealed an increased friction coefficient, Cf , up to few stations downstream the
device. This pointed at the increase of the near-wall Reynolds stresses likely for the existence
of large transverse motions interacting with the boundary layer.
Finally, Wall Jets can be exploited for separation control by injecting tangential jets at the
near-wall region to enhance the momentum of the retarded fluid. As pointed by (McInville
et al., 1985), this solution can be coupled with turbulence control techniques to preserve
the high momentum region near the wall for longer. The technology does not have to be of
active nature only: the high-pressure flow at the leading edge can be redirected towards the
region of interest to generate passive jets. Further applications will be introduced later in
this section.
Near-Wake Control
Free turbulent shear flows represent a broad class of flows including mixing layers, jets, and
wakes. Usually, their control’s goals are related to the mixing of suspended particles, and
noise reduction. Conversely from wakes, near-wakes are marked by regions of flow reversal,
and they manifest downstream two dimensional bluff bodies, when Re > O(1e2). They are
absolutely unstable, as from (Koch, 1985), thus self-excited flows, hence resilient to exter-
nal forcing. Commonly, the near-wake goal control is related to the suppression of vortex
shedding, which provides mechanical vibration reduction, drag reduction, and finally noise.
Compared to wall-bounded shear flows, they are more challenging to control due to the lack
of direct interaction with solid surfaces and, they are resistant to periodic, external forcing,
(Koch, 1985). Recent work of (Rigas et al., 2015) modeled the dynamic of an axisymmetric
near-wake to develop a reactive control solution, which was then implemented to control the
motion of rear flaps mounted on an Ahmed body. Although the fluctuations at the vortex
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shedding frequency were reduced, multiple peaks in the static pressure amplitude spectra
appeared, at lower frequencies. Those were claimed to be responsible of not reducing the
drag and, apparently they rose for the presence of the flaps themselves. These induced a
mean parasitic drag, and affected the vortex shedding as well. The authors recognized it as
a limitation of the implemented solution. On the other hand, placing a solid body, such as a
splitter plate, (Apelt et al., 1973), or an additional cylindrical body,(Zdravkovich, 1988), at
the core of the instability is an efficient solution to inhibit the formation of the near-wake,
but, it is seldom possible for practical reasons. Thus, as per (Fiedler and Fernholz, 1991),
stationary methods like base-bleeding and trailing-edge protrusions are the typical control
methods available for the near-wake. The next section will introduce these solutions applied
to circular cylinders, after a brief introduction to the circular cylinder aerodynamics.
2.2 The Flow Around a Circular Cylinder
In 1921, with no electronic load cells, but a mechanic scale and an ingenious set-up, Weisels-
berger carried out the pioneering experiment which resulted in the plot shown in Figure 2.1.
The tests were performed on cylinders of an aspect ratio, AR = 0.4, to allow the natural
evolution of the flow for the most of the span. The aim was to track the CD dependency on
the Re number. The trend is monotonic for most of the tested Re number range. A local
minimum occurs at Re > 1e3, for the local rise of the base pressure coefficient due to the
greater extension of the formation region. Afterwards, a plateau occurs until Re ≈ 2.5e5
where a sudden drop, known as drag crisis, takes place for the disruption of the periodic
vortex shedding. These two phenomena will be explained later in the section. Although it
can not be easily detected from Figure 2.1, the drag coefficient rises again after the crisis, up
to a value of CD ≈ 0.6, (Roshko, 1961). By comparing the CD(Re) trend with flat surfaces
blunt bodies, Weiselsberger concluded that
”The kind of change is determined by the geometrical shape of the body. [...]. The
least change in the coefficient of drag occurs for bodies with sharp edges, when the
latter are perpendicular to flow direction. [...] bodies with convex surfaces may give
very different results...”,
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TrWL TrSL TrBL
Fig. 2.1: Weiselsberger’s plot of CD vs Re number. Adapted from (Weiselsberger, 1923).
(Weiselsberger, 1923).
In fact, the Re number dependency discloses the complexity of the flow around the circular
cylinder. Basic research has been undertaken to study the phenomena associated with the
diverse regimes which are in turn, associated with different CD values, as in Figure 2.1. The
latest classification of (Zdravkovich, 1997) pointed at the transition from laminar to turbulent
regime, which subsequently takes place at different locations around and downstream the
cylinder. To summarize, they are
 transition in the Near Wake, TrW, 1.8e2 < Re < 4e2;
 transition in the Shear Layer, TrSL, 4e2 < Re < 2e5;
 transition in the Boundary Layer, TrBL, 2e5 < Re <∞.
The three groups are further split into subgroups, depending on the mode of transition.
Figure 2.2 shows the total, the pressure, and the friction terms of the drag coefficient, which
can be linked together as in Equation 2.8, (Zdravkovich, 1997). The friction and the pressure
contributions to the drag coefficient change with the Re number, the former vanishing for
Re > O(1e4) in the case of smooth, circular cylinders.
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Fig. 2.2: The plot from (Zdravkovich, 1997) splits the CD into CDf and CDp. The former
becomes negligible after Re > 1e4.
CDtot = CDp + CDf (2.8)
As from Figure 2.2, the discrepancy start growing at Re = 1e2, due to the appearance of
the wake’s instability, which produces eddies farther downstream the body. This generates
the drop in the pressure field near the cylinder’s rear side, which increases the CDp contribu-
tion towards CD. This periodic flow field is also called vortex shedding and it becomes the
predominant feature of the cylinder near-wake during the second transitional phase, TrSL,
which associated drag is mainly due to the pressure difference between the frontal, and the
rear part of the cylinder, thus proportional to the so called base pressure. For comparative
studies, it is useful to introduce the pressure coefficient, Cp, as a non-dimensional quantity
defined as
Cp =
pθ − pref
0.5ρu2
(2.9)
where pθ is the fluid normal stress acting at the angular location θ, and pref is the reference,
static pressure of the fluid measured within the undisturbed flow. Accordingly, the base pres-
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sure coefficient, Cpb, is the pressure coefficient estimated at the base region and it is indicative
of the amount of suction at the corresponding location, which leads to the generation of the
CD. For what stated above, and as reported in (Zdravkovich, 1997), CD = f(Cpb) beyond
the TrSL2.
The Re number range of TrSL regime is fairly broad and has been the object of extensive
studies, (Zdravkovich, 1997). Moreover, the Re number range is contained enough to simu-
late real flows conditions in wind-tunnels with limited blockage effects or Ma effect for the
high flow speed. It is further splits into
 TrSL1, 4e2 < Re < 2e3 where the transition waves appear as undulations of the free-
shear layers;
 TrSL2, 2e3 < Re < 4e4 the undulation evolves into eddies rolling-up which in turn makes
the shear-layer regime turbulent between the rolling-up point, and the separation;
 TrSL3, 4e4 < Re < 2e5 the free-shear layer becomes turbulent between the boundary
layer separation and its roll-up.
Comprehensive investigations were undertaken by (Bloor and Gerrard, 1966) and (Gerrard,
1974) for TrSL1. The generated, low-frequency, wave system resembles the wavy trail drawn
by the unstable wake at lower Re number. Since its symmetric nature discloses their de-
coupling, it also suggests that the phenomenon is independent of the large scale structure
downstream. (Bloor and Gerrard, 1966) and (Gerrard, 1974) confirmed it by placing a splitter
plate of sufficient length (O(10D)) in the near-wake which suppressed the vortex shedding,
leaving the transitional waves almost unvaried. Exploiting this finding, the same authors
defined the end of the formation region, Lf , as the last station where the low frequency com-
ponents were detected. Moreover, (Zdravkovich, 1997) postulated that the 2-dimensional
nature of the waves stabilized the shear layers, and delayed their transition. Subsequently,
Lf elongated which increased the base pressure coefficient, Cpb, and reduced the CDp com-
pared to the TrW.
Once the eddies start forming along the laminar region of the free shear-layers they also
start interacting with each other leading to the rising of the alternate vortex shedding,
as noticed by (Couregelongue, 1929). The alternate vortex shedding is characterized by a
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greater spreading rate of the detached shear layer, and a shorter near-wake, hence a shorter
Lf , as observed by (Linke, 1931). This varies of roughly 50% across the whole range, as
reported in (Zdravkovich, 1997). The changing of the Cpb reflects this variation, promoting
a rise of CDp across the Re number range, as shown in Figure 2.2. Besides, the change in
the length of the formation region was related to the spreading of the shear layer, defined
as in (Zdravkovich, 1997). (Gerrard, 1965) proposed a description of the mechanics of the
formation region. The shear-layer rolls-up into a vortex which grows until the interaction
with the opposite shear-layer happens. This point represents the cut-off of vorticity supply
to the growing vortex and the end of the formation region. Once the interaction between
the two shear-layers reaches the maximum, the shedding takes place. The mechanics can be
extended to the whole class of bluff bodies. The frequency, fV S, at which the vortex shedding
takes place increases with the flow mean velocity. It can be expressed through the Strouhal
number, St, which is defined as
St =
fV SL
u
(2.10)
to consent the comparison regardless the fluid’s velocity. Analogously to the Re number def-
inition, L is a characteristic length, which consists of the diameter when circular cylinders
are contemplated.
The alternate vortex shedding generates a fluctuating pressure field around the cylinder. The
fluctuations are out-of-phase at the top and bottom surfaces whereas they are in-phase at
the front and rear part of the body. They lead to the generation of the fluctuating lift and
the drag coefficient, C ′L and C
′
D, whose intensity increases with the vortex proximity. For the
out-of-phase at the top and bottom surfaces, C ′L is greater than C
′
D, likewise the associated
vibrations, which implicates mechanical issues.
Once the burst to turbulence along the shear layer happens before the vortices roll up, the
near-wake characteristics become Re number independent up to Re < 2e5. (Zdravkovich,
1997) argues that the Re number invariability of this flow regime is related to the fixed loca-
tion of turbulent transition along the free shear-layers. This happens for the free shear-layers
displacement to balance the wide but short near-wake. The displacement accelerates the ir-
rotational flow which triggers the shear layer turbulent transition. Its location exhibits a very
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slow variability across the Re number range which, in turn, stabilizes the separation point
location, the St number and the Cpb, hence CD. (Achenbach, 1968) estimated the average
separation point location at ≈ 78° with a skin friction probe which location was systemati-
cally changed at steps of 5°around the cylinder. Noteworthy, its mean location is fixed but it
does oscillate at the vortex shedding frequency, as shown by (Dwyer and Mccroskey, 1973),
in phase with the vortex shedding.
Although there have been attempts to develop theoretical and experimental models to un-
derstand the selection criterion of the vortex shedding’s frequency across the TrSL regime,
see (Zdravkovich, 1997) for a review, (Gerrard, 1965) and (Roshko, 1954) for more detailed
work, the problem is still unsolved. So far, the characteristic quantities which affects the St
number can be summarized by
 the near-wake width in terms of distance between the free shear-layers: the narrower, the
higher fV S;
 the length of the formation region, Lf ; the longer, the lower fV S;
 the shear layer thickness, δSL; the thinner, the higher fV S
 the strength of a fully grown eddy. It is linked with the rate of generation and dissipation
of circulation after the separation. This mechanism is not fully understood.
(Gerrard, 1965) demonstrated that the constancy of the St number across the TrSL3 regime
is linked with the constancy of all the listed parameters, with emphasis on the product
δSL · Lf . However, how these parameters are linked together when subjected to a variation
of the upstream conditions has not been reported yet.
In order to switch from TrSL3 to the next regime, the Re number must increase enough to
provide the boundary layer of higher momentum to overcome the adverse pressure gradient.
In fact, the transition to TrBL occurs once the flow has enough dynamic pressure to making
the boundary layer adhering to the body surface which, in turn, changes the pressure gradi-
ent seen by the irrotational flow, and delays the separation point up to θ ≈ 95°. Afterwards,
the drag crisis takes place for the vortex shedding disruption due to a complex system of
asymmetric, laminar separation bubbles. As anticipated above, it is known as the ”drag cri-
sis”, and it produces absolute minimum in the CD(Re) plot. Eventually, the boundary layer
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undergoes turbulent transition with no local separation, and the periodic wake is restored.
The latter regime has been studied by (Roshko, 1961) and a representative plot of Cp(θ) is
given in Figure 2.3. The separation point is shifted downstream at θ ≈ 110°, as from the
flattening of the Cp profile. Accordingly, the CD increases up to the value of CD = 0.6, and
the St number increases up to St = 0.21.
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Fig. 2.3: The pressure distribution of a circular cylinder at a Re = O(1e6), TrBL4 flow
regime. Data from (Roshko, 1961).
The section summarized what the engineering parameters, CD and the St number are de-
pendent on, besides introducing the main aspects of the flow around circular cylinders. For
Re > 1e4, the CD is directly related to the base pressure coefficient which is mainly linked
to the Lf , hence the near-wake. The St number is also linked to the near-wake, through the
parameters listed earlier. To modify both the quantities, the near-wake must be controlled.
This can be performed by acting on its boundary conditions, in terms of the base pressure,
and the separation location, or through direct modification of the formation region.
2.3 Flow Control Applied to Circular Cylinders
Regarding circular cylinders, flow control aims to reducing the drag, or suppressing the vor-
tex shedding, hence the Vortex-Induced-Vibrations, V IV . For Re > 1e4, drag reduction can
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be achieved by increasing the base pressure whereas V IV can be reduced by suppressing, or
delaying the vortex shedding, as explained in the previous section. Commonly, active con-
trol techniques with continuous energy provision provide more beneficial effects than passive
devices, as shown in (Wood, 1964) and (Bearman, 1965), who highlighted the positive effect
of base bleeding on bodies with a blunt-base region. However, active solutions with inter-
mittent energy supply are less effective than passive devices. For instance, (Fujisawa et al.,
2001) implemented active forcing for circular cylinders application. The cylinder was put
in rotation about an axis parallel to its centre-line. A reference probe located in the free
shear-layer provided the reference signal for actuating the motion. With an optimum phase
lag, the device reduced the average drag of 6% alongside the span-wise correlation, with a
consequent weakening of the vortex shedding. The energy, and the complexity of the system
implementation did not justify the drag reduction.
In fact, passive solutions either for the boundary layer or near-wake interaction are more effi-
cient and widespread. (Zdravkovich, 1981) and (Choi et al., 2008) reviewed different devices
explored over the past decades. In particular, (Zdravkovich, 1981) classified them based on
their interaction with the vortex shedding phenomenon, i.e.
 surface protrusions laid out to affect the boundary layer, the separation line, or the shear
layer;
 shrouds which affect the entrainment of irrotational fluid into the growing vortex, hence
the vortex growth;
 guide-vanes or base region stabilizers which influence the near-wake boundary conditions
or the interaction between the two free shear-layers.
Figure 2.4 is a compilation of trip-wires placed on a circular cylinder, and reports the CD
against the Re number. The experiment dates back to the early 20th century, when (Fage
and Warsap, 1929) showed the capability of local disturbances to triggering the drag crisis
when applied near the separation point, at θ = 65°. Qualitatively, the CD(Re) presents the
same trend, regardless of the protrusion size, with a sudden CD drop, followed by a plateau.
Bigger protrusions lowered the Re number values, Recrit., at which the drag coefficient started
decreasing. However, the greater the relative wire size, the greater the drag coefficient after
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the plateau. Although this aspect was not discussed by the authors, it suggests that the
disturbance size must be finely tuned to avoid excessive thickening, and earlier separation
of the boundary layer, (Gad-el-Hak et al., 1998). (David, 1972) systematically studied how
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Fig. 2.4: Trip-wire size effect on circular cylinders drag. Data from (Fage and Warsap, 1929).
the Recrit. could be changed by modifying the azimuthal position and the relative wire size,
d
δ
. Additionally, he assessed two different geometries of tripping devices concluding that no
major differences were detected.
(Clapperton and Bearman, 2018) employed localized disturbances in the form of passive jets.
They were generated by taking the energised fluid at the stagnation region, and releasing
it at the highest suction region, near the separation point of the smooth case. Figure 2.5
shows the results. The CD reaches a lower value than that of trip-wires, CD ≈ 0.45. Dif-
ferently from the tripping devices, the jets layout caused an alternated turbulent transition
within the boundary layer, hence a fragmented separation line. The effect was triggered for
Re > 8e4, with the complete fragmentation of the separation line at Re > 1.9e5. This wavy
shape annihilated the periodic vortex shedding, as confirmed by the authors, leading to the
drag coefficient reduction. The jets spacing was also tested, disclosing minor modifications
around the transitional Re number range, as from Figure 2.5. As pointed in Figure 2.5, the
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geometry alteration for the openings did not have a relevant contribution to the turbulence
promotion within the boundary layer, being relevant for Re > 2.5e5.
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Fig. 2.5: The CD(Re) generated by the passive jets solutions devised by (Clapperton and
Bearman, 2018).
(Fage and Warsap, 1929), (Achenbach, 1971), and (Gu¨ven et al., 1980) tested surface with
stochastically distributed rough elements to verify the reduction of the drag coefficient. Dif-
ferent roughness sizes were associated with distinct Recrit., similarly to trip-wires. However,
the CD(Re) did not reveal the plateau beyond the Recrit., differently from the trip-wires.
This was ascribed to the boundary layer thickening likely due to the greater hydrodynamic
roughness. Further experiments with rough cylinders were carried out by (Buresti, 1981), who
proved that CD is also affected by the shape, and the distribution of the grains. Figure 2.6
shows the CD(Rek) curves of two cylinders of diameter D1, and D2, wrapped with four sheets
of sandpaper from two distinct manufacturers. There, Reκ is the Reynolds number estimated
through the average grains size. Two grains size, k1, and k2, where k1 > k2, were tested. The
results had the qualitative behaviour of those obtained by (Fage and Warsap, 1929), (Achen-
bach, 1971), and (Gu¨ven et al., 1980), namely the greater the grain, the lower the Recrit.,
and the presence of a minimum in the CD curve, differently from tripping devices. However,
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the comparison between the curves obtained at the same Rek, but with sandpaper supplied
by different manufacturers brought the author to conclude that the grains shape, and their
distribution impact on the performance thus, the grains size itself is not the appropriate
length scale to describe the flow around rough cylinders. This problem is still unsolved.
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Fig. 2.6: (Buresti, 1981) data showing that the CD is not only a function of the roughness
element length scale.
Still listed among the surface alterations, the triple helical strakes have been applied on
circular cylinders as both, continuous and fragmented solutions. In contrast with localized,
and distributed surface roughness, their effect is more related to the distortion induced in
the separated shear layers for the introduction of stream-wise vorticity, which subsequently
delays the vortex formation. Further, it has been proved by (Zdravkovich, 1981), and (Scru-
ton and Walshe, 1957) to suppress the instability region for suitable relative size and pitch.
However, they revealed an increased CD against a reduction of V IV . Curiously, when the
strakes were replaced with a wire, contrasting results were found, (Nakagawa et al., 1959),
for reasons not fully understood.
Dimples represent alternative devices. Originally applied to golf-balls, they have been stud-
ied by (Bearman and Harvey, 1993). As highlighted in Figure 2.7, the behavior differs from
stochastic roughness, increasing their operating range after theRecrit. where stochastic rough-
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ness is detrimental. Likely, this is ascribed to the mechanism of boundary layer turbulent
transition, which occurred for the local flow detachment, and subsequent reattachment over
the dimple, (Choi et al., 2006), differently from stochastic roughness. The counterpart of dim-
ples are hemispheric surfaces, and they have been tested by (Owen et al., 2001), obtaining a
drag reduction of 25%, and the suppression of vortex shedding by introducing longitudinal
vorticity in the wake. Although the drag was reduced by the 25% the original geometry was
heavily altered.
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Fig. 2.7: The CD(Re) of a cylindrical, dimpled surface against a surface coated with sand-
paper.
(Price, 1956) contrived holed shrouds around a cylindrical model to hinder entrainment of
irrotational flow into the growing vortex. He ran tests within a range of 1e5 < Re < 4e5
showing a constant CD = 0.6 against the typical trend for plain cylinders. Furthermore,
the VIV were reduced for the longer formation region. Different shrouds including circular,
square and fine-mesh gauze were tested by (Zdravkovich and Volk, 1972) who found the
latter as the best pattern for oscillations reduction. Pressure distribution was found to be
different from other perforated shrouds in the range (80 − 160)°. The flow was entrained
between the cylinder and the shrouds, thus injected in the near wake. Although the base
pressure was raised, the overall drag coefficient increased since the flow was forced to be
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redirected to the base region. (Zdravkovich, 1971) performed a parametric study on shrouds
consisting of axial rods held by ring spacers of different diameter. It was possible to vary
their porosity by removing rods. The best configuration was found to be 63% porosity and
Ds = 1.25D, where Ds is the diameter encompassing the shrouds. A similar application
consisting of axial frontal slats evenly spaced around the main cylindrical body was studied
by (Wong, 1979). The optimum configuration included 25 slats producing a porosity of 40%,
and two openings at the front, and rear region, through which a continuous fluid injection
stabilized the near-wake. The author discovered that leaving Θ = 30° uncoated on both the
front, and the rear side provided the best set-up for VIV and CD reduction. However, the
performance were worsened when Θ < 30° since the flow was forced to be entrained between
the slats and the body, thus lower bounding the CD. The solution has been applied to sub-sea
structures, (King, R., 1979).
Flow
Slats
Fig. 2.8: The CAD reproduction of the solutions conceived by (Wong, 1979).
Near-wake stabilizers are thought to stop or delay the feedback between the two shear layers
which produces periodic vortex shedding. (Roshko, 1954) tested a splitter plate of 3.85D
cylinder diameters length placed at the base region, revealing an increased Cpb by approx-
imately the 40% and equivalently reduced the drag coefficient. Later, (Apelt et al., 1973)
confirmed the stabilization of the pressure field around the cylinder through a splitter plate.
This was coupled with a reduction of the near-wake width and an increase of the base pressure
coefficient. It was concluded that plates up to 1D in length reduced CD by approximately the
30%. The impact on the trailing edge shape was studied more extensively in later years by
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(Anderson and Szewczyk, 1997), disclosing, however, no major alteration of the CD if wavy,
rather than flat trailing edge were tested, suggesting the communication cut-off between the
shear layers as the main factor affecting the drag reduction.
Differently from the adoption of splitter plates, yet likewise intrusive, guide vanes change
the near-wake velocity profile through the modification of the boundary conditions. The only
successful application is from (Grimminger, 1945) who tested a flat, and a streamlined vane.
In addition to the drag reduction, the VIV were suppressed. However, the experimental
setup was conceived to measure the aerodynamic loads acting on the cylinder only, neglect-
ing those transferred to the vanes themselves.
Although shrouded devices and near-wake stabilizers produced benefits for CD and VIV,
their implementation leads to major shape alteration, and the additional obstruction. As ex-
isting solutions confirm, they can be implemented on fixed structure subjected to wind loads
with a fairly constant angle of attack, such as pipeline bridges (Baird, 1955) or underwater
pipelines (King, R., 1979). On the other hand, surface protrusions introduce sharp edges
over the surface which can be dangerous if applied to vehicles which operate in populated
environments. Moreover, specifically for stochastic surface roughness, they showed a tight
operating Re number range following the CD crisis which does not make them suitable for
solutions with a broad operating range.
Generally, although all the solutions listed so far were beneficial to the performance, those
were limited to the aerodynamic field. Since providing modification to a device implies an
increase of its development cost, this would be better justified if the solution would bring
multiple advantages, beyond the aerodynamics field.
In recent years, some attempts have been made to introduce porous coatings for subsonic
external aerodynamics and aeroacoustic.
The next section will introduce the most recent applications for the flow control on circular
cylinders.
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2.4 Flow Control with Porous Substrates
Although this work is mainly concerned with drag reduction, the first studies on Fluid-
Porous-Structure-Interaction originated for noise reduction purposes. Due to the limited
cost and the fairly high specific strength, all the studies employed aluminium foams. One of
the first experimental works was done by (Sueki et al., 2010). He applied a porous coating
on a circular cylinder to reduce the tonal noise generated by the periodic vortex shedding.
It was tested at a range of O(1e4) < Re < O(1e5). The comparison against a bare cylinder
revealed a C ′L reduction which was confirmed by the increased base pressure coefficient, and
the average velocity field of the near-wake. The wake survey revealed a slightly wider wake
which suggested an increased drag coefficient. The author concluded that the porous mate-
rial was capable of reducing sound by dissipating the flow momentum, which was translated
into higher drag coefficient. (Sueki et al., 2010) inspired the work of (Naito and Fukagata,
2012) who ran DNS and LES on a circular cylinder coated by metallic foam at a range of
3.9e3 < Re < 1e5. The model resolved both the shear stresses at the fluid-porous interface
and those at the near-wall region. The results were consistent with (Sueki et al., 2010). The
CD was increased regardless the Re number and the C
′
L reduced, with better performances
at the highest Re number, at which the vortex shedding vanished. Furthermore, the loss of
momentum within the porous medium hinted by (Sueki et al., 2010) was confirmed by (Naito
and Fukagata, 2012). Interestingly, the CD was divided into three terms, namely friction,
form, and porous which included all the losses due to the flow through the porous medium.
The latter was associated with roughly 33% of the total losses for the thickest substrate. It
is noteworthy the consistency between the simulations of (Naito and Fukagata, 2012) and
the experimental results from (Sueki et al., 2010) in contrast with the work of (Bruneau
et al., 2006). The latter did not resolve the internal boundary layer and found a decrease
of the drag coefficient for a cylinder fully coated by an isotropic porous substrate. These
contrasting findings highlight the importance of the internal flow on the performance.
Further experimental work has been conducted during the years for assessing the performance
of coated cylinders for CD and C
′
L reduction. (Showkat et al., 2016) tested two cylinders of
circular and square cross-sections wrapped by metallic foams of three different pores-sizes,
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and two thicknesses. The results disclosed a CD lower than the smooth case at low Re < 1e5
for both the shapes. However, the circular cylinder performance were pejorative at the high-
est Re number values. The CD was insensitive to the pore size, whereas it decreased with
the coating’s thickness. In contrast, the square cylinder produced better results also at the
higher Re numbers, with a CD reduction by approximately the 20% for the thickest and
most permeable coating, whereas the CD reduction was nearly the same for the two lowest
thickness, and pore size. On the other hand, both showed reduced C ′L having shifted the large
scale structures farther from the base region, suggesting metallic foams as effective means
for noise, and VIV reduction, whereas not so functional for the drag reduction. Nonetheless,
all the studies presented so far assessed the performance of fully coated cylinders, which
were linked with high friction losses, as pointed earlier in this section. (Ruck et al., 2012)
carried out a preliminary study on the drag reduction over partially coated cylinders where
the solid portion was replaced by a porous insert. Consistently with the previous literature,
the full coating increased the drag coefficient, being the performance more detrimental, the
thicker the layer. On the other hand, placing the coating at the leeward region highlighted
some potential for development. It led to the next comprehensive study of (Klausmann and
Ruck, 2017) where the coating was limited over 100° at the base region, thus, with no inter-
action between the attached boundary layer and the substrate. The results revealed a drag
coefficient reduction of approximately the 10%, with a sensitivity to both the thickness and
the pores size, PPI, the latter at a minor extent. Further, the sensitivity to the coating
angle showed how the performance were affected to a minor extent after 100°, up to 160°
where there was no interaction with the attached boundary layer. The pressure distribution
revealed a shifted profile compared to the baseline case, and an increase of the base pressure
coefficient, which pointed to an elongation of the steady recirculation bubble, as confirmed
by the velocity-field downstream the cylinder. This was coupled to a reduction of the pres-
sure fluctuations over the cylinder surface which may hint a reduction of the radiated noise.
The former finding revived porous materials as a technological solutions for the drag re-
duction, besides noise canceling applications. Moreover, the solution did not alter the orig-
inal device shape. The structural load could still be carried by the porous layer, taken for
granted its structural properties. Additionally, porous media have a high exposed surface,
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which makes them appealing for heat transfer applications as studied by (Bhattacharyya and
Singh, 2009) who performed a numerical study of a solid cylinder wrapped in an isotropic
porous substrate. It revealed enhanced heat transfer properties dependent on the thickness,
which could be tuned along with the thermal conductivity to alter the thermal coupling
between the body, and the environment.
Therefore, porous materials can fulfill a wide range of functionalities, from noise suppression
to VIV and drag reduction, to heat transfer alteration. However, if a solution similar to
(Klausmann and Ruck, 2017) has to be applied, the substrate must hold structural strength
as well. This, coupled with the requirements to optimize either the aerodynamics or the heat
transfer performance, suggests employing a material whose architecture can be designed ad
hoc.
2.5 The 3D Woven Coating
3D weaving technique was devised by the French inventor Joseph Marie Jacquard who de-
signed the Jacquard weaving machine. The technique allows the development of complex
geometries, which would be otherwise impossible to manufacture with conventional meth-
ods. Lately, it has been employed for manufacturing an architectured porous material, namely
the 3D Woven, 3DW. By laying out two orthogonal families of wires, namely warp and fill
wires, a third one can be wrapped around the latter, producing a metallic woven layout, as
in Figure 2.9a. The coupling between the wires can be achieved by soldering, brazing or
welding at given locations, nodes, as in Figure 2.9b. The structured layout coupled with the
wires’ diameter, d = O(10−4)m favours the manufacturing of a metallic woven which merges
the structural properties of a periodic topology and its alloy with the shape adaptability of
a woven fabric, (Evans et al., 1998). Moreover, the manufacturing process gives freedom for
tuning the architecture based on the functional requirements.
(Zhang et al., 2015) quantified the structural performances of 3DW under shear loading. The
material outperformed other solutions such as hollow sphere metallic foams with greater rel-
ative density. Additionally, it was showed that by optimizing the architecture, the material
weight could have been reduced, with a limited drop in the relative shear stiffness, see (Tim-
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Fig. 2.9: The manufacturing process of 3DW, from (Zhao et al., 2014). a) The weaving of the
Z-wires around the fill and warp wires, and the completed topology in the digital version; b)
the different solutions for bonding the wires to achieve the structural integrity of the woven
material.
oshenko, 2010). This combination of properties provides the 3DW with its own operating
range. Similarly, (Ryan et al., 2015) proved that the dynamic behavior offers the possibility
to achieve damping performance of polymers with the service temperature of NiCr alloys.
A further degree of freedom for the material customization was discovered in (Zhang et al.,
2015) where the shear stiffness revealed a sensitivity to the node locations. Consequently, the
damping performance were influenced as well, as disclosed by the studies of (L. Salari-Sharif
et al., 2018), who further tested material architectures where wires had been partly bonded
and partly left free to move. The former granted the static stiffness, whereas the latter was
responsible for the damping properties due to the dissipation produced by their oscillations.
It remarked the material capabilities of achieving bespoke performance by minor modifica-
tions to its architecture.
The material tunability has also been exploited for fluid applications. (Zhao et al., 2014)
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performed an optimization study to improve the material’s permeability, κ. By selectively
removing a few wires, the medium permeability increased, Figure 2.10, without compromis-
ing its structural stiffness, (Zhang et al., 2015). As in Figure 2.10, the periodic structure
provided values of permeability similar to stochastic porous media despite the lower poros-
ity. To be noted that in Figure 2.10, κ has been normalized with the hydraulic diameter,
as defined in (Zhao et al., 2014), which is inclusive of the medium porosity, and its specific
surface area for whose definition the reader can refer to (Zhao et al., 2014). The same author
studied the heat transfer capabilities of the material. It concluded to be comparable to other
conventional media used for heat transfer, (Zhao et al., 2016).
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Fig. 2.10: The medium permeability, κ, normalized by the hydraulic diameter, Dh, against
the porosity, Φ, of the 3DW, stochastic foams, and other periodic porous media.
The 3DW demonstrated the design flexibility of its woven structure, achieving good per-
formance for fluid, and structural applications at the same time, which makes it an ideal
candidate to achieve passive flow control on bluff bodies, where the metallic foams have al-
ready shown good results. It will be placed over selected locations where the boundary layer
has not yet separated from the solid surface. Similarly to (Klausmann and Ruck, 2017), it
will replace a solid portion of the original body to minimize the shape alteration and to
provide the beneficial effect of weight saving. Providing its success, it could pave the way for
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technological development compared to the already existing solutions whose scope is limited
to the aerodynamics benefits only.
3Research Approach
The main objective of this work was to assess the drag reduction of circular cylinders coated
with architectured materials, and to compare the mechanism with conventional means like
textured surfaces, and trip wires. Additionally, the work wanted to explore further the ap-
plication of porous materials for external, incompressible aerodynamics, to motivate studies
for transport modeling at the fluid-porous interface, and within the porous medium, which
have not been thoroughly addressed so far.
This work is a complementary study of (Klausmann and Ruck, 2017) who tested the appli-
cation of stochastic porous coating over the base region of a circular cylinder.Similarly, here
it was investigated the behavior of a circular cylinder coated by architectured material at a
Re number range of Re = (5− 11)e4. Firstly, it was performed a comparative study against
a baseline case represented by a smooth cylinder. The coating was placed at three different
azimuthal locations, namely the Stagnation, the Separation, and the Leeward regions. The
initial medium topology, the Default, was taken from (Zhao et al., 2014), and (Zhang et al.,
2015), which optimized the material layout for both structural, and heat transfer applica-
tions. After the first set of tests, a sensitivity study for each azimuthal locations was carried
out by modifying the Default topology. Additionally, three more reference cases represented
by a slotted cylinder, and distributed and localized roughness were tested to compare the
woven coatings against conventional surfaces. The results provided insights on the mech-
anisms of flow alteration induced by the presence of the coating, and helped defining the
future work.
The next section will present the research methodology.
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3.1 Research Methodology
The core of this work involved the measurements of the direct drag acting over the cylinder
span, and the static pressure acting over the cylinder solid surface at mid-span. The former
was performed through two load cells whereas the latter via apposite sensors, as explained
in subsection 3.5.1.
As anticipated in chapter 2, the near-wake has links with the drag through the base pres-
sure. Inducing three-dimensionality in the flow over the cylinder can alter the occurrence
of vortex shedding, and modify the drag, as described in the previous chapter. The former
can be detected by analyzing the frequency spectrum of the cylinder wake. Furthermore,
the phenomenological outcome of the near-wake can be summarized by the frequency of
the periodic vortex shedding whose non-dimensional counterpart is the Strouhal number,
St, which is associated with Vortex Induced Vibrations, V IV . These are detrimental to the
structural resistance. As mentioned in chapter 2, the St number is affected by
 the near-wake width,
 the shear layer thickness, δSL,
 the strength of the fully grown vortex which relates to the vorticity generation and dissi-
pation per cycle. Here it is expressed through Γ and  = Γ
Γ0
, where Γ0 is an estimation of
the circulation shed by the solid surface, each shedding cycle, and
 the length of the formation region, Lf .
The above quantities were estimated through the near-wake scan to link them with the St
number alteration. Additionally, the analysis could be exploited to reveal the discrepancies
in the developed flows over different surfaces, despite the similarities in the CD(Re). The
measurements were performed through Laser Doppler Anemometry, LDA, and they will be
explained in subsection 3.5.3. All the measurements, but the CD were taken at the cylinder
mid-span.
In the following section the woven coating, the rig and the methodology for the experimental
activity will be presented.
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3.2 The Wind Tunnel Specifications
The Aero-Tunnel is located in the EnFLo Lab at University of Surrey. It is a subsonic, closed-
return type with a maximum speed of Vmax = 40 m/s. The measurement section dimensions
are (10x1.1x1.4) m3. The declared free-flow turbulence level is v′ = 0.5%. The tunnel and
its instrumentation are controlled through the EnFLo Software written in LabView©, which
allows the data acquisition, also. The measuring probes for the flow diagnostics such as LDA
lenses, Pitot tubes, or hot wires can be held inside the tunnel through fixtures which are put
in motion by electrical actuators.
3.3 The Rig Design
The rig was designed to hold the circular cylinder perpendicular to the wind-tunnel floor.
The vertical orientation was chosen to avoid any initial deflection of the strain-gauge due to
the model weight. The model length was chosen to be eleven times its diameter as a trade-off
between the end-effects reduction, and the total cost of the apparatus. The overall length
spanned the 45% of the tunnel height. Aluminium end-plates were included in the design to
avoid inflow from the cylinder sides. The dimensions were based on the studies of (Szepessy
and Bearman, 1992) and (Szepessy, 1993). The end plates further reduced the end-effects
at the mid-section by favouring the static pressure full recovery downstream the body, as
demonstrated by (Szepessy and Bearman, 1992) and (Szepessy, 1993). Figure 3.1 shows the
convention
Figure 3.1 shows the rig contextualized in the wind-tunnel, along with the convention em-
ployed for the frame of reference. This includes three axis, x, y, and z, such that the x
axis is aligned with the flow, the y axis is along the out-of-plane direction, and the z axis
is perpendicular to the former two. Respectively, the velocity components are u, w and v.
The end plates were positioned to ensure that the cylinder’s midsection matched the tunnel
mid-height. The end plates were fixed to the wind tunnel roof through four legs, and to the
floor through three legs, which were in turn fixed to two plates of 5 mm thickness screwed
to the wind-tunnel floor. The rig was validated by acquiring the background flow, as it will
be explained in section 3.6
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z, v
y, w
x, u
Fig. 3.1: The rig contextualized in the wind-tunnel,with the adopted coordinate system and
the respective velocity components.
3.4 The Models Design
Four different models were manufactured, namely
1. a configuration consisting of a smooth cylinder taken as the baseline,
2. a configuration able to allocate the coating at the stagnation region,
3. a configuration able to allocate the coating at the separation region,
4. a configuration able to allocate the coating at the leeward region.
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All the four models consisted of four main components, as outlined in Figure 3.2. The active
section of the model where the drag is measured, has an aspect ratio of 7.5, and it is made up
of the inner core (A) to supporting a shell (B), and the the porous coating fixtures, presented
in subsection 3.4.1. Each active section can be disassembled into two segments to allow the
connection of the pressure taps and the silicon tubes at midspan. The two segments have
different lengths to keep the pressure measurements planes at the mid-section. A threaded
rod (C) holds the two segments together. The shorter sides (D) embody the load cells, which
hold in place. The nominal gaps between the components were designed to be 0.5 mm. (see
A
B
C D
Fig. 3.2: The model cross-section showing the inner core (A), the shell (B), the rod (C), and
the load cells, (D).
Figure 3.2). The segment with the pressure taps had windows, and grooves at the end-plate
side to allow the pressure tubes to pass through the device without any interference with the
load cell. The pressure holes were staggered to avoid any interference either of aerodynamics
or mechanical nature.
Two load cells were connected to the model’s active section for the direct drag measurement,
and for holding it in place. The mechanical solution to connect the sensor to the main body
is highlighted in Figure 3.3. It consists of a cylindrical body linked to the model core and to
the load cell. The iron-core end-side was manufactured to allocate the cylindrical body with
an h7/G6 tolerance to avoid any relative movements, but a reasonably easy assembling.
The full setup, and the relative dimensions are shown in Figure 3.4.
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A
B
C
Fig. 3.3: The zoomed in view of the model cross-section. Highlighted, the details of the linking
between the model (A), and the load-cell (C), linked through the cylindrical component (B).
D
11D
7D8D
Fig. 3.4: The smooth cylinder assembled, and placed within the end-plates in the wind-tunnel
working section.
3.4.1 3D Weaving to 3D Printing: the Porous Coating Design
The model is covered by a 3D printed coating which emulates the actual 3D woven material,
presented in chapter 2. The Z-wires were orientated along the free flow direction to reduce
the exposed surface of the top crowns to the incoming flow.
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The coating geometry was reproduced through a CAD software which allowed an easy mod-
ification of the original topology, and the conversion into STL format for 3D printing. The
dimensions were oversized of 2% to take into account the 3D printer accuracy. There are
three different coating modules, two for the active section, and a third for the end-side cylin-
ders, as in Figure 3.5.
The firsts coat the most of the span, and the central part. Since those along the span (see
Figure 3.5a) occupy the most of the volume, they also represent the highest cost: for them
being reusable for the different configurations, the module size was limited to a length of
36.4 mm, and an angular extension Θ = 40.5°. The unconventional angular extension value,
α = 6.4°, was due to the material architecture, as it will be explained in section 3.4.1. The
(a) (b)
(c) (d)
Fig. 3.5: Porous coating samples and fixture. a) The porous module which fills the span slots
b) The porous module which fills the central slot c) The porous module which fills the side
slot d) The fixture to link the modules to the core.
modules were linked to the main body through a 3D printed housing screwed into the core, as
in Figure 3.5b. Its profile was designed to be complementary to that of the porous modules
basement.
The central parts, which linked the active segments were built as bigger modules with dou-
bled angular extension, and slightly longer span (see Figure 3.5c) to allocate the holes for
the pressure taps. The span and angular sizes measured l=55 mm and θ = 81°, respectively.
Finally, the third class of modules included those attached to the end-side cylinders, as in
Figure 3.5d. They measure respectively of l=55 mm and θ = 81°.
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Material Design
The material used as a coating has been introduced in chapter 2. The initial topology was
developed from an optimization study to maximize the heat transfer properties, (Zhao et al.,
2014), therefore it was a trade-off between exposed area, and internal flow velocity. Since
this work was focused on the external aerodynamic, the material porosity was increased to
facilitate the internal flow, as a starting point for the study. The fill and the warp wires were
halved at the inner region, whereas those at the interface were unmodified for structural
rigidity.
Nevertheless, 3D weaving produces flat geometries. Upon the action of a bending load to
wrapping it around a cylinder, the curved topology could deviate from the distribution
suggested by the linear bending theory due to the material geometrical anisotropy. Figure 3.6
shows the process to generate the curved topology. The flat architecture was parametrized in
terms of the fill-wires spacing, the angle at which the Z-wires were inclined, and their crowns
radius. A simplified physical model was devised to understand the local deformation of the
porous architecture, thus the geometrical parameters to be modified to obtain a bended
topology. Specifically, the top and, the bottom layers were modeled as two sets of springs in
series (grey in Figure 3.6b), of different stiffnesses, KR, and KG, where the former represents
the stiffness of the Z-wires segments connected through the crowns, and the latter that of
the Z-wires where the gaps were present. Due to the material topology, KG < KR. Thus,
once the bending load acts on the material, there will be a compression load (blue springs)
acting on the bottom side, and a tension load (red springs) acting at the upper side of the
material ( 3.6c). The top layer will see the Z-wires crowns pulled apart from each other,
whereas they will be pushed close together at the bottom. For the greater resistance of those
regions characterized by KR, the crowns will undergo minor changing in their radius. Thus,
their radius was left unchanged, while the inclination of the Z-wires was modified to match
that of a bent configuration. Eventually, the curved CAD model was generated by modifying
the flat geometry based on Figure 3.6c.
The generation of alternative topologies was easily allowed by the alteration of the original
CAD model.
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(a)
(b)
(c)
Fig. 3.6: The conceptual steps of the material design process. a) The initial, flat geometry,
b) the physical model and, c) the curved configuration.
3.4.2 Criteria for the Selection of Dimensions, Substrate Location and Material
Structures
The tested Re number range is Re = (5÷ 11) · 104 which corresponds to the TrSL3 regime
following the new classification put forward by (Zdravkovich, 1997) and already presented in
chapter 2, Figure 2.1. It has received most of the attention due to the number of chemical,
mechanical and nuclear engineering applications which fall within it, (Zdravkovich, 1997).
At this stage, the CD is mostly (≈ 99%) due to the pressure load, chapter 2. Since the idea
of applying the porous coating is mainly related to the modification of the pressure load,
as it will be explained in section 3.4.2, the testing range was considered a sensible choice.
Consistently with the wind-tunnel speed range and sizes, the cylinder diameter was chosen
as 57.16 mm.
The porous coating aimed to replicate the actual material whose ratio between wires and
thickness is fixed. Since the workshop 3D printing facilities could not achieve the original
38 3 Research Approach
material size, the dimensions were doubled, leading to a wire diameter, d = 0.4 mm and a
thickness, h = 6.35 mm, which allowed the material to be printed.
The Woven Material Locations
Figure 3.7 provides a table of all the 16 tested cases. The reference cases include the smooth
cylinder with, and without trip-wires, and a slotted configuration. The porous configurations
include three set-ups with the woven material at the Stagnation, the Separation, and extended
to the Leeward region. All the three porous cases were tested with three 3DW ’s topologies,
namely the Default, the Open-Core, and the Open-Interface. Two additional architectures,
the Passive-Jets, and the Empty-Top, were designed for the Stagnation and the Leeward
respectively. They will be described in the section 3.4.2. The Stagnation and the Separation
were also equipped with a textured topology, the Texture, described in section 3.4.2. The
specific angular locations were selected based on the pressure profile of the smooth cylinder
in Figure 3.8.
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Fig. 3.7: The reference and the porous configurations with the respective, tested material’s
topologies.
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(a)
(b)
(c)
Fig. 3.8: Criteria for the selection of the coating angular locations a) the Stagnation config-
uration, b) the Separation configuration and, c) the Leeward configuration.
As anticipated in chapter 2, the drag is determined by the difference between the frontal
and the rear pressure load over the surface of the cylinder. Placing the porous coating over its
frontal part may modify the interface conditions, thus the induced pressure load. Besides, as
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cited by (Zdravkovich, 1997), it is an important region for heat transfer due to the presence
of unsteady flow, which may add beneficial side effects for the thermal properties of porous
coatings, hence increasing its appeal for technological development. Thus, the Stagnation
region’s coating angle, Θ = ±40.5°(Figure 3.7) to cover the location where the positive load
acts, as in Figure 3.8a. The configuration was compared against a smooth cylinder equipped
with tripping devices placed at θ = ±40.5°.
On the other hand, controlling the separation can indirectly modify the base pressure and
reducing the drag. The porous material could modify the separation bubble and entrain fluid
similarly to shrouded devices, thus increasing the base pressure. The coating was laid out
over the area where separation is most likely to occur for the smooth case, i.e. over the Cp
local minimum (Figure 3.8b), ±49.5°< Θ < ±130.5°, as in Figure 3.7.
The last configuration, the Leeward, has the porous coating from the maximum suction point
up to the base region (Figure 3.8c), Θ > 59.5°and Θ < −59.5°. It was devised to emulate
base bleeding by capturing the flow just before the detachment and redirecting it towards
the base region to raise the base pressure. It was compared against a case represented by a
slot spanning the same angular extension.
Porous Topologies
The Default topology was modified from a former one, which was the output of a thermal,
optimization study, (Zhao et al., 2014). Figures 3.9a, and 3.9b show the 3D, and the fill wires
side. The interface porosity, φinterface, was intentionally kept high because of their structural
relevance. The values are respectively, φbulk = 75% and φinterface = 70%. However, the
porous-fluid interface is the region where the mixing between the free-stream and the porous
flow takes place. The associated mass and momentum transport are of great importance
when porous media are involved, as reported in (Nepf, 2012), (Belcher et al., 2012), and
(Finnigan, 2000). In fact, most of the issues in computational activities are related to the
lack of appropriate models to describe its fluid mechanics. It is sensible to attribute the same
importance to the associated topology. Consistently with (Beavers and Joseph, 1967), it is
assumed the velocity profile showed in Figure 3.10a, with the strongest gradient occurring at
the interface, and a mild, Darcy’s profile deep within the medium. The interface location is
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assumed to be located around the top layer of cross-flow elements, characterized by a porosity,
Φinterface, as in Figure 3.10b. It was decided to modify the initial topology by varying the
interface architecture to increase Φinterface for the initial sensitivity study, Figure 3.10. The
bend and the fill wires were removed by the Default topology, producing a Φinterface = 82%,
a Φbulk = 82%, and the architecture in Figures 3.10c, and 3.10d. Similarly, the internal
wires distribution must play a role for the transport of mass and momentum towards the
near-wall. The Open-Core architecture was obtained by reducing the number of fill-wires
from the initial topology, and modifying their layout (see Figures 3.10e, and 3.10f). The
bend wires pattern was kept the same since they are aligned with the mean flow speed, hence
they were thought to affect the flow at a minor extent. The porosity was not appreciably
affected compared to the Default.
(a) (b)
Fig. 3.9: The CAD model of the Default architecture. a) 3D view and b) fill-wires view
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(e) (f)
Fig. 3.10: The criteria applied for the topology alteration a) the qualitative velocity profile
of the flow over a flat, porous surface, b) The conceptual separation of the core and the
interface region characterized by Φinterface, and Φcore. The modified architectures: c) the
Open-Interface topology 3D view nad, d) the Open-Interface topology front view; e) the
Open-Core topology 3D view and, f) the Open-Core topology front view.
Eventually, for those configurations which produced drag reduction, two additional ad-hoc
topologies were designed, Figure 3.11. They were used to confirm the insights obtained by the
first experimental campaign for drag reduction. Specifically, for the Stagnation configuration,
a fourth architecture was designed, in Figure 3.11a. The fill wires pattern was modified to
facilitate the penetration of the incoming flow, whereas the bend-wires pattern was left the
same as the Open-Interface one. The goal was to minimize the energy losses of the embedded
secondary flow as it will be explained in chapter 4. The value for the bulk porosity was reduced
to φbulk = 0.59%. On the other hand, for the configuration with the material extended to the
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base region, the first layer of cross-flow elements was shifted towards the wall, producing a
topology with an emptied top surface, the Empty-Top (see Figure 3.11c), and a φbulk = 72%.
It was designed to assess the impact on the performance of the interface porous drag along
the mean-flow direction. Besides assessing the insights gained from the former experimental
campaign, the present topologies provided a strong evidence on how the wires distribution
matters in contrast with the overall porosity.
(a) (b)
(c) (d)
Fig. 3.11: The additional topologies tested for the Stagnation, and the Leeward configura-
tions: a) the Passive-Jets topology 3D view, b) the Passive-Jets topology front view, c) the
Empty-Top topology 3D view, and d) the Empty-Top topology 3D front view.
The Textured Surface and the Slotted Configuration
Primarily, the Textured case was tested on the Stagnation and the Separation configurations
to assess the differences between a shallow and a deep substrate on the boundary layer.
However, the comparison can be also seen as an assessment to decouple the surface effects
from those of the embedded flow. Therefore, it was designed replicating the surface pattern
of the Default topology. The portion of the wires exposed to the flow was set to be lower
than the boundary layer thickness at the separation, based on the value of
δseparation
D
= 0.01,
reported in (Zdravkovich, 1997) for a Re = 1e5. It led to the configuration depicted in
Figure 3.12.
Since the shallow porous substrate can be also seen as a textured surface, it will likely have
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the strongest impact on the boundary layer development before its separation: thus, a case
with the surface texture applied on the base region was not tested.
Fig. 3.12: The 3D view of the textured surface.
Alternatively, it was investigated whether the presence of the coating could have modified
the flow, by comparing the Leeward case against a Slotted configuration representing a back-
facing step in a favourable pressure gradient, Figure 3.13. The test could either confirm or
reject the entraining capabilities of the porous material.
59.5°
-59.5°
θ=0°
Θ
Fig. 3.13: The side view of the Slotted configuration.
3.5 The Tools for Data Acquisition and Post-Processing
The present section introduces the sensors and the experimental methods employed for the
investigation. The rig, the sensors, and the post-processing tools have been validated with the
smooth case by comparing the results against the existing literature and, they are presented
at the end of each subsection.
3.5.1 Load Cells and the Direct Drag Measurement
The solution to keeping the cylinder in place consisted of two load cells placed at the cylinder
ends, as in Figure 3.14, so that the cylinder oscillations amplitude was reduced compared to
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a cantilever set-up, (Talley and Mungal, 2002), and the interference with the flow minimized,
(Zdravkovich, 1997).
Load Cells
Fig. 3.14: The load cells in place.
The matter of this work was the debugging of the electrical system. The first load-cell
version had serious hysteresis issues. A cross-test was performed by analyzing both the
sensor response and its displacement through a laser device optoNCDT from µ©. After
few tests, it was understood that hysteresis was generated by the load acting on the wires
connected to the strain gauges, thus a second version was updated with stress-relief pads,
leading to optimal cross-tests results.
The procedure of calibration was defined, and tested for repeatability. The calibration was
performed on the whole assembled structure. Calibrated weights were applied through a
pulley and the signal acquired. The calibration was performed as close as possible to the
predicted smooth case drag to minimize best-fitting errors. Two sets of calibration tests
were run, in-between which the model was disassembled, and reassembled to assess the
repeatability, and they are reported in Figure 3.15. Nevertheless, the connection of the load
3.5 The Tools for Data Acquisition and Post-Processing 47
0 1 2 3 4 5
Output (V)
0
5
10
15
20
25
Lo
ad
 (N
)
Day 1 Day 2
Fig. 3.15: The calibration repeatability.
cells to the model affected the calibration sensitivity curve, producing an uncertainty of 1.5%
between the two tests. Thus, the calibration was repeated every time a model was placed in
the Aero-Tunnel.
The mean drag measurement was estimated through a signal sampled for 30 s at 300 Hz
to avoid aliasing. The time series were collected and post-processed on a separate routine
developed in MATLAB R2018©.
The error chain on the mean-value is composed of two components: the statistic definition
of the standard error, estd
estd =
σ√
N
(3.1)
where σ is the population standard deviation, and N is the population size, and the uncer-
tainty due to the measurement repeatability. This was experimentally assessed by comparing
two different data sets taken on two different days in-between which the rig was dismantled
and reassembled.
To be noted that no blockage correction was applied to the drag due to the comparative
nature of the work.
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The drag coefficient was scaled through the diameter of the smooth cylinder as a reference
length.
Validation - The Smooth Cylinder Drag
5 6 7 8 9 10 11
Re 104
1.1
1.15
1.2
1.25
1.3
1.35
1.4
C D
Day 1 Day 2
(a)
5 6 7 8 9 10 11
Re 104
1.1
1.15
1.2
1.25
1.3
1.35
1.4
C D
EnFLo Weiselsberger1
(b)
Fig. 3.16: The repeatability assessment on CD. a) The repeatability of the measurements, b)
the validation against the literature (Weiselsberger, 1923)
The CD(Re) in Figure 3.16a represents the two data-sets from internal tests obtained over
two different days during which the model has been disassembled, and reassembled. The
results, inclusive of the statistical standard error only, have been used to quantify the un-
certainty of the tests repeatability, namely 1.5%, which have been included into the total
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error on the drag. On the average, the estimated total error on the drag was approximately
between the 2%, and the 4%. Figure 3.16b illustrates the validation against the literature,
(Weiselsberger, 1923). Consistently with the reference case, there is a weakest Re number
dependency, and the value falls within 1.5% the reference case after having applied the Allen
& Vincenti blockage correction, (Dalton, 1971).
3.5.2 Surface Pressure Measurement
The static pressure measuring apparatus consisted of
 the sensor box to convert the pressure signal into electric signal;
 the main line of pressure tubes to carry the pressure signal from the source to the sensor;
 a 48-Way connectors to facilitate the plugging/unplugging operations;
 the internal line of pressure tubes, which connected the pressure taps to the 48-Way
connector;
 the pressure taps mounted flush with the models surface.
The sensor box had 32 channels, and it was developed by Dr. Paul Nathan. The full-scale
range is (±10 ± 0.00133)kPa. The transducers are of the differential type, marketed by
Honeywell©. The pressure tubes were made up of silicon: due to the available physical space
within the models, the diameter was taken as the smallest available in the market, with
the nominal sizes of OD = 2mm and ID = 1mm. To achieve fast connection between the
sensor box, and the pressure tubes, Scanivalve 48-Way connectors were employed for each
configuration. The pressure taps were manufactured from steel rods provided by Coopers
Needle Works Ltd, and they were purchased of two different sizes. Those for the porous,
and the Texture cases had an outer diameter, OD = 1.65 mm, and an internal diameter
of ID = 1.20 mm, while those for the smooth, and the Slotted cases had an outer, and an
inner diameter of OD = 1.24 mm, ID = 0.85 mm, respectively. The diameter choice was
dictated by the manufacturing limitations of the holes for the smooth, and the Slotted case.
On the other hand, surface pressure measurements underneath the porous substrates, and
over the textured surface revealed to be more challenging. Since the flow depends on the local
geometry, which is dependent on the architecture, a spatially, span-wise averaged reading
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over the material elementary cell would have provided more meaningful information than
local measurements. Initially, a slot-like orifice shape was devised, whose size extended over
the Region Of Interest, ROI, at the bottom of the coating, as defined in Figure 3.17. Since the
orifice shape affects the pressure reading, (Chue, 1975), a short experimental campaign was
undertaken, where the slot-like orifice was placed on a flat plate, and compared against the
reference reading of a circular pressure tap. The solution was refused since the discrepancies
with the reference pressure readings were found to lie within (4 ÷ 8)%. Instead, it was
decided to increase the pressure taps ID, and averaging the ROI by using two circular
pressure taps linked via a T-junction, hence to the main transducer. As ROI, two points
were chosen whose overhead architecture was representative of the periodic elementary cell.
Also, pressure measurements were taken at the porous substrate top edge to extract the
Fig. 3.17: The static pressure measurements at the porous coating edges, performed with a
single pressure tap at the top edge, whereas they were doubled at the bottom edge.
Fig. 3.18: The static pressure measurements for the porous cases.
boundary conditions around a control volume inclusive of the porous substrate, and gaining
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a qualitative description of the flow. For those measurements, one pressure taps were able
to match the periodicity length scale of the ROI at the interface as showed in Figure 3.17.
The solution is illustrated in Figure 3.18, where one of the central modules has the pressure
taps for the measurements at the inner boundaries, the two side rows, linked together via
T-junctions. The central row of pressure taps, disconnected in Figure 3.18, represents the
measurement line for the pressure readings at the outer boundary of the coating.
The time-series obtained from the experiments were post-processed through a MATLAB©
routine which estimated the the pressure field statistical quantities. The error estimation is
analogous to subsection 3.5.1 and, amounted to a total of the 3 ÷ 4% approximately. The
data were processed to estimate the pressure drag coefficient as
CDp =
∫ 2pi
0
(C¯p · r · cos(θ))dθ
2 · r , (3.2)
(Fox et al., 2004) ,where
C¯p =
∫ T
0
(Cp(t)dt)
T
(3.3)
with t that refers to time, r and θ to the radial and the angular coordinates, and T to the
sampling period. The data points were interpolated and integrated numerically. The pressure
term was employed to estimate the parasitic component as
CDf = CD − CDp. (3.4)
In case of other sources of friction drag besides that due to the development of the wall-
bounded shear flow, the term CDf can be split as
CDf = CDpor + CDint + CDτ , (3.5)
where CDint is associated with the velocity gradient occurring at the porous-external flow
interface and, is linked with the interface transport which is crucial to transfer the energetic
flow within the porous medium, (Belcher et al., 2012); CDpor occurs due to the flow through
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the porous medium, as in (Forchheimer, 1901); the CDτ is related to the velocity gradient
occurring at the near-wall region and, it also exists when smooth surfaces are involved.
Validation - The Smooth Cylinder Surface Pressure Distribution
The surface pressure distribution at mid-span is plotted in Figure 3.19a for all the four
Re numbers tested. The overlapping of the profiles is in accordance with the literature for
the invariance of the flow across the Re number range, (Zdravkovich, 1997). Figure 3.19b
represents the repeatability of the pressure measurements, revealing the greater discrepancy
of approximately 2%, at the base region. Likewise the drag measurements, the uncertainty of
the tests repeatability is included in the total error of the pressure measurements. Eventually,
Figure 3.19c reports the comparison of the measured pressure coefficient profile at Re =
7.2e4 against that of (Klausmann and Ruck, 2017): the profiles show strong consistency to
each other with minor differences at the base region, which can be due to the different type
of wind-tunnel, flow initial conditions, and end-plates employed.
Four more pressure taps were laid out along the span to assess the impact the end effect
had on the developed flow. Figure 3.20 revealed a slight dependence as the active section
edge was approached. The small edge generated by the load cell deflection at the gaps
between the active section, and the side cylinders was blamed, which was confirmed by the
measurement repeated with the gaps taped, not reported here. Figure 3.20 shows a difference
contained within 3% at the very far edge for the highest Re number: the latter can explain the
weakest Re number dependency of the CD, being the difference in the span-wise base pressure
coefficient Re number dependent. Nevertheless, the span-wise Re number dependency of the
base pressure coefficient was considered not relevant to the CD value, since it produced a
variation of 0.7% over the Re number range, which was within the experimental uncertainty.
As a further proof, the CDf of the smooth case was computed, Figure 3.21. Consistently
with the literature, (Zdravkovich, 1997), the CDf was ≈ 0.01CDtotal, with the error being the
sum of those associated to the total drag, and the pressure measurements.
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Fig. 3.19: The validation of the pressure measurements, a) The pressure coefficient distribu-
tion against the Re number dependency, b) the repeatability of the measurements, c) the
validation against the literature (Klausmann and Ruck, 2017)
54 3 Research Approach
0 0.5 1 1.5 2
x/D
-1.7
-1.6
-1.5
-1.4
-1.3
C
p
Re 5e4 Re 7e4 Re 9e4 Re 11e4
Fig. 3.20: The span-wise pressure coefficient distribution at the base region.
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Fig. 3.21: The validation of the parasitic drag coefficient estimation.
3.5.3 Flow Velocity Field and the Laser Doppler Anemometry
The velocity field has been measured through Laser Doppler Anemometry. The laboratory
is equipped with an Innova 70C, mod. i70C-5 Ion laser marketed by Coherent©, coupled
to a 60 mm probe commercialised by Dantec Dynamics©. It can measure velocity within
an accuracy of 0.04% up to fsampling = 10kHz, (EnFLo Lab internal communication). It is
located in an apposite area provided with inter-lock systems for health and safety reasons.
The facility was employed to scan
 one single point for each speed at x/D = 3.5 upstream for the reference flow velocity;
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 a longitudinal profile at x/D = (0.5÷ 3) downstream the cylinder to estimate the size of
the formation region;
 three vertical profiles at x/D = (0.5; 0.65; 0.8) to investigate the shape of the shear layer
and the near-wake width taken as the distance between the velocity maxima;
 one vertical profile taken at x/D = 3.5 to estimate the vortex strength: the distance
ensured to have a fully-grown vortex.
The acquisition was performed by using a probe placed externally to the Aero-Tunnel for the
u component, and one placed internally for the w. The statistical convergence was checked
leading to an averaging period of T = 30 s.
The Formation Region Length Estimation
The concept of formation region was firstly introduced by (Bloor, 1964) as that region
bounded between the body base and the point where the eddy reaches its maximum strength.
(Gerrard, 1965) highlighted the distance between these two points as one of the characteristic
length affecting the vortex shedding frequency. Its estimation can be achieved with at least
three different methods; namely by
 taking the minimum of the measured static pressure along the wake centre-line;
 taking the maximum of the first harmonic of the velocity fluctuations along the wake
centre-line;
 taking the maximum of the cross-flow distance between the velocity fluctuations peaks
off the wake axis.
For the present study, it was decided to implement the second method being less intrusive
than the first one, and quicker than the third one as suggested by (Griffin, 1995) and (Bloor
and Gerrard, 1966). The error associated with the estimation includes the data interpolation
and it is explained in Appendix A along with the post-processing code.
The Shear Layer Thickness and Wake Width Estimation
The near-wake width is a straight estimation and it is achieved through the observation of
the shear layer profiles by taking the vertical location where the maximum velocity, umax,
happens. The lower and upper bound were taken in accordance with (Townsend, 1976), for
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the shear layer thickness. Specifically, the upper-bound was taken at umax location and the
lower bound at 0.5umax. The same approach as above was applied to estimate the error due
to the interpolation at the location of maximum speed, where the profile is more rounded.
The lower bound error included only the LDA accuracy for the limited profile curvature.
The Conditional Sampling Technique
The net circulation, , carried downstream with the vortex is defined by
 =
Γ
Γ0
(3.6)
where
Γ0 = u
2(1− Cpb)/(2 · fV S) (3.7)
with Cpb being the base pressure coefficient, fV S being the vortex shedding frequency and
uscaling the nominal flow speed. Thus, it requires static pressure measurements at the base
region, the frequency spectrum estimation, and the measurements of the velocity of the
undisturbed flow. On the other hand, Γ required the estimation of the large scale structure
vorticity field. This can be achieved through conditional sampling. A hot-wire of the type
55P11 marketed by Dantec Dynamics© was used as the reference clock to locate the LDA
data in time. The latter worked as a trigger for the acquisition system. To obtain the signals
in phase, the maximum delay allowed between the LDA and the hot-wire data must have
kept within O(10−9s).
The conditional sampling has been exploited in the past from several authors (Cantwell
and Coles, 1983), (Hussain and Reynolds, 1970) and (Lyn and Rodi, 1994) to study the
characteristics of coherent structures hidden by random fluctuations. As reported by (Hussain
and Reynolds, 1970), the velocity field can be seen as
u(x, t) = u¯(x) + u¯(x, t) + u˜(x, t) (3.8)
where u is the instantaneous velocity, u¯ is the mean velocity defined as
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u¯(x) = lim
T−>∞
1
T
∫ T
0
(u(x, T )dt), (3.9)
u¯ is the periodic component and u˜ represents the random fluctuations due to the non-coherent
motion. The phase average value of a given random signal is then defined as
〈u(x, t)〉 = lim
N−>inf
1
N
N∑
0
(u(x, t+ nτ)) (3.10)
where τ is the period of the periodic events which has been phase averaged. Since the average
of the random fluctuation is zero by its definition,
u¯(x, t) = u(x, t)− u¯(x) (3.11)
gives the value of the signal periodic component. In order to obtain a resolved periodic signal
in time, the computational domain is subdivided into bins which number is arbitrary and is
dependent on the population size. Since the sampling period was set to 30 s, a sampling rate
of 2000Hz and a bin number of 32 ensured an average population per bin of approximately
2000 samples, which was double that of (Cantwell and Coles, 1983).
The eddy streets generated downstream bluff bodies has a relatively long decaying time,
being x/D ≈ 50 the complete transition to the far-wake, (Zdravkovich, 1997). The decay of
turbulent fluctuations can be considered slow compared to the speed at which the vortex is
convected downstream which allows the validity of Taylor hypothesis, (Taylor, 1938),
Φ = u(t) = u(
x
U
) (3.12)
on the conditional sampling technique for estimating Γ . Thus, the velocity and the vorticity
field plot of the periodic large scale motion can be obtained from a single vertical profile,
whose components have been phase-averaged. An example can be seen in Figure 3.22, where
the conditionally sampled velocity, and vorticity fields are showed. For both plots, each
column of data represents a different phase of the periodic motion. The phase number has
been transformed into a distance, thus the data are plotted along a fictitious space, here
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Fig. 3.22: The plotted data, processed through the conditional sampling technique. a) The
velocity field obtained from the conditional sampling of the near-wake profile b) The vorticity
field obtained from the velocity field in 3.22a.
called x∗ti. To be plotted in space, they were multiplied by the mean convection speed, as
x∗ti = 0.7 · ufree−flow · ti (3.13)
where x∗ti are fictitious spatial coordinates scaled by the diameter and 0.7 is taken by
(Cantwell and Coles, 1983). The vertical coordinate are non-dimensional through the diam-
eter and they represent physical locations in the cylinder wake. To be noted that a Gaussian
filter has been applied on the image of the vorticity field for visualization purposes only.
Finally, the vortex strength has been estimated through the integral definition of circulation
Γ =
∮
V
ωdV. (3.14)
where the in-plane vorticity, ωuv, is
ωuv =
∂u
∂y
− ∂v
∂x
(3.15)
and the total circulation was estimated by adding up all the infinitesimal contributions. The
error was ascribed to the velocity uncertainty only, and it was computed as the summation
of the statistical standard error over the whole domain. For the comparative nature of the
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work, the estimation does not take into account the error associated with the extrapolation
of the vorticity field since this is the same for all the configurations.
A flowchart of the post-processing tools is described in section A.4.
3.6 The Rig Validation
3.6.1 Background Flow
The background flow was acquired with the rig in place, to ensure that no deflections of the
mean flow were induced, or, alternatively to estimate correction factors. In particular u, and
v were acquired along a longitudinal profile to assess the mean flow angle of attack and any
acceleration induced by the boundary layer growth: u was acquired at all the Re number,
whereas v at two Re number only due to its invariance; u, and w were taken along the y
direction at x/D = 3.5 to ensure parallel flow for the wake acquisition. They are reported
in Figure 3.23. The u component longitudinal profile, in Figure 3.23a, displays a difference
between the inlet, and the outlet speed lower than 0.3%. The u lateral profile, in Figure
3.23b, did not show any appreciable differences between the two sides, thus suggesting a
parallel flow along the y direction. The w lateral profile, in Figure 3.23c, showed a variation
of approximately 0.5% the reference speed between the two sides, pointing at a flow angle
of attack in the xz plane of about 0.5°. Finally, the v component, in Figure 3.23d, revealed
a flow angle of attack of 0.45°in the xz plane, and no appreciable difference between the
inlet and the outlet. As from the experiment of (Prasad and Williamson, 1997) where it
was showed that relevant modification of the flow angle of attack are reflected into the St
number, the results were deemed acceptable since the St number falls within the literature
scatter, as it will be shown in the next section.
Following the above results, no correction factors were applied to the velocity profiles mea-
sured with the models in place.
The effective mean flow turbulence intensity was estimated as 0.4% from the time fluctua-
tions of the u velocity component at midspan.
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Fig. 3.23: The measurements for the background flow. a) The u component longitudinal
profile at mid-span, b) the u lateral profile at x/D = 3.5, c) the w lateral profile at x/D = 3.5
and, d) the v component along the longitudinal direction.
3.6.2 The Strouhal Number, Formation Region Length and Near-Wake
Vorticity Transport
The non-dependency of the CD in the Reynolds number is reflected into the St number.
Additionally, the formation region extension, Lf , and the net amount of vorticity carried
downstream by the vortex, , have been used to validate the rig and the post-processing
tools. The three quantities are plotted in Figure 3.24. The error associated with the St
number has been taken as ∆St% = ∆f% +∆LDA% where ∆LDA% = 0.04 and
∆f = 0.5 · 1
Tsampling
= 0.017 (3.16)
which is constant given the fixed sampling frequency. The constancy of all the three pa-
rameters with the Re number including the experimental uncertainty, is consistent with the
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literature and confirm the validity of both the rig and the model. Whereas for the St num-
ber was possible to find references in the literature for the whole Re number range, there
is a lack of data for both Lf , and , hence the reference values were text-boxed. The Lf is
x/D = 1.25÷1.3, which is consistent with the literature as cited in (Szepessy and Bearman,
1992). The ratio of vorticity estimated by (Cantwell and Coles, 1983) who is slightly higher,
namely CClit. = 0.34. The discrepancy can be due to the methodology exploited by the
authors, which did not apply the Taylor hypothesis.
Nevertheless, the study aims to highlight the differences in the near-wake between the con-
figurations rather than give absolute estimations. Therefore, as long as the methodology is
consistent with all the configurations tested, the weak Re number dependency of all the
parameters is deemed satisfactory to validate both the rig and the models.
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Fig. 3.24: The near-wake is summarized into the three terms a) the St number b) the for-
mation region length, Lf , and, c) the net amount of vorticity carried downstream by the
vortex, .
4Woven Coating at the Stagnation Region
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Fig. 4.1: Tested cases for the Stagnation configuration.
The chapter introduces the configuration with the porous coating over the region of pos-
itive pressure load, namely the Stagnation, which is a contributor to the total drag. A sum-
mary of the tested cases is reported in Figure 4.1. Initially, three porous topologies were
tested to assess the configuration’ sensitivity to the architectures modification, namely the
Default topology, the Open-Interface and, the Open-Core. Afterwards, they were compared
against two cases represented by the smooth cylinder equipped with trip-wires, and the
Texture topology, to investigate the mechanism of the boundary layer turbulent transition,
and the impact of the flow penetration on the performance. Based on these findings, the
Passive-Jets topology was designed and tested as a ”blind box” verification of the observa-
tions obtained from the previous experiments. Additionally, the near-wake was investigated
to verify any alteration of the St number. It was limited to the Default topology, and the
smooth case, with and without trip-wires.
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4.1 Direct Drag and Surface Pressure Measurement
4.1.1 The Porous Topologies
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Fig. 4.2: Total drag coefficient for the Default, the Open-Core, and the Open-Interface topolo-
gies.
The direct drag for the porous topologies is reported in Figure 4.2 in terms of CD(Re). It
revealed a strong Re number dependency, being the CD ≈ 1.15 at the lowest Re number, and
CD ≈ 0.77 at the highest Re number. The figure discloses no sensitivity to the architecture
modification since all the three topologies showed CD values within the experimental noise.
The Re number dependency is reflected in the Cp profiles, as per the Figures from 4.3a to
4.3d, revealing an increase of the base pressure coefficient recovery with the Re number, thus
a decrease of the CD. The Cp profiles suggest that the boundary layer underwent turbulent
transition, as per its similarity with Figure 2.3 in chapter 2, in particular at the upper Re
number range (see Figures 4.3c, and 4.3d). Specifically, the flattening of the Cp profile,
coupled with the increased Cpb recovery point at the shifting downstream of the separation
point. Further discussion will be provided in subsection 4.3.2.
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Fig. 4.3: The pressure profiles at different Re number for the Default, Open-Core, Open
Interface topologies. a) Re=5.2E4, b) Re=7.2E4, c) Re=9.2E4, and d) Re=11E4
4.1.2 Localized and Distributed Roughness
Two trip-wires were mounted at the azimuthal location corresponding to the edges of the
porous coating. Two sizes were selected to trigger turbulent transition within the tested
Re number range based on the required azimuthal location, as per the previous studies of
(David, 1972) and (Pearcey and Cash, 1982).
Similarly to the porous configuration, the CD exhibit a strong Re number dependency, as
depicted in Figure 4.4. Their size affects the Recrit., anticipating it as the trip-wire size in-
creases. Both the cases with the trip-wires produced a CD lower than the porous one, with
the 0.9% d/D protrusions being comparable at the lowest Re number value only, whereas
the 1.1% protrusion revealed a sharp reduction even at Re = 5.2e4. The Texture maintained
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Fig. 4.4: CD comparison of the Default topology against the trip-wires and the Texture.
the CD(Re), with a lower reduction over the whole Re number range.
Figure 4.5 shows the Cp profiles. Consistently, the configurations equipped with the tripping
devices revealed a base pressure coefficient recovery higher than that of the porous config-
uration. However, they exhibit kinks along the Cp curves (see Figures 4.5a- 4.5d) due to
the development of the characteristic laminar separation bubble induced by the protrusion,
(Fage and Warsap, 1929). They disappear at the higher Re numbers for the smaller wire,
Figure 4.5d, but they are present for the whole range when the bigger one is tested. The
profiles have strong similarities with the porous-coated configuration, hinting at a similar
mechanism of drag reduction in the form of boundary layer turbulent transition. Neverthe-
less, the absence of kinks over the whole range hints that turbulent transition was promoted
by a different mechanism.
On the other hand, despite keeping the Re number dependency, the surface texture’s Cp pro-
files show a peculiar trend, as in Figures 4.6a- 4.6d, increasing the base pressure coefficient
with no apparent delaying of the separation point. Although it suggests the development of
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a distinct flow, it is noteworthy the similarity with the porous-coated configuration at the
lowest Re number. Further discussion will be provided in subsection 4.3.1.
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Fig. 4.5: The pressure coefficient profiles at different Re numbers for the Default topology
against the trip-wires of d/D=1.1% and d/D=0.9% size. a) Re=5.2e4, b) Re=7.2e4, c)
Re=9.2e4 and, d) Re=11e4
4.2 Near Wake Analysis
The near-wake analysis was performed on one topology only, namely the Open-Interface
case, for the weak sensitivity of the CD to the architecture modification. The porous case
will be referred to as Porous in the legends of the following plots. Figure 4.7 reports the
shear layer profiles, Figures 4.7a, and 4.7b, and the shear layer thickness, Figures 4.7c-
4.7f, plotted against the non-dimensional, stream-wise coordinate, δSL(x/D), to estimate the
spreading rate. Both of them reflect the Re number dependency of the flow. The shear layer
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Fig. 4.6: The pressure coefficient profiles at different Re numbers for the Texture. a)
Re=5.2E4, b) Re=7.2E4, c) Re=9.2E4 and, d) Re=11E4.
profiles of the trip-wire, and the porous configurations are almost overlapped at the lowest
Re number, whereas they are shifted downwards as the Re number increases, narrowing
the near-wake, with no appreciable difference between the two of them. The spreading rate
reduces as the Re number increases, with the trip-wire displaying a greater spreading rate
than the porous case, see Figures 4.7c- 4.7f. The near-wake parameters are reported in
Figure 4.8 for the porous case, together with those for the smooth case with, and without
the trip-wires of d/D = 0.9%. Analogously to CD, the near-wake parameters highlight the Re
number dependency. The St number, Figure 4.8a, increases with the Re number, similarly
to Cpb, in Figure 4.8b, and Lf , Figure 4.8c. Lf shows a consistent trend with the shear layer
spreading rate, being the formation region of the trip-wire shorter than that of the porous
4.3 Discussion 69
case. The shear layer thickness, δSL in Figure 4.8d, and the vortex strength, Γ in Figure
4.8e, decrease. The contrast between the porous and the trip-wire configurations on Γ is
in accordance with the sharp difference on the quantity  in 4.8f, which reveals a greater
amount of circulation entrained by the eddy when the coating is in place. Further discussion
will be provided in subsection 4.3.1.
The textured surface shows a completely different scenario, with the St number kept constant
at the lower Re numbers then dropping for Re = 9e4, as in 4.9a; no estimation at the highest
Re number was performed due to the incipient disruption of the periodic vortex shedding. As
from Figure 4.9, the amplitude spectrum at the lowestRe number, Figure 4.9b, shows a sharp
peak which broadens as the Re number increases, Figures 4.9c- 4.9e. It suggests an increase
of the near-wake 3-dimensionality, likely for the fragmentation of the separation line, and
anticipates the beginning of the periodic vortex shedding disruption, similarly to (Clapperton
and Bearman, 2018). Likely, the effects increased with the Re number for the increase of the
protrusions size relative to the boundary layer thickness. However, measurements within the
boundary layer were out of the scope of this work and the mechanism was not investigated
further.
4.3 Discussion
4.3.1 How Does the Porous Coating Compare with Localized and Distributed
Roughness?
The CD revealed Re number dependency for all the configurations tested. The porous coat-
ing’s pressure coefficient distribution showed strong similarities with the trip wire for the
whole Re number range, but marginally with the surface texture, at the lowest Re number.
Localized Roughness
The comparison between the porous, and the trip-wire of 0.9% d/D was performed because
turbulence transition might have been promoted by the sharp edge at the end of the porous
coating. Specifically, at Re = 5e4, they reveal the CD within the experimental error, likewise
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Fig. 4.7: The shear layer velocity profiles at the x/D = 0.5 station downstream the body,
for the lowest and highest Re number for the Smooth, the Open-Interface topology, and the
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Fig. 4.8: The St number and near-wake parameters for the Smooth, the Open-Interface
topology, and the trip-wire configuration. a) St number, b) Cpb, c) Lf , d) δSL/D at x/D = 0.5,
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Fig. 4.9: The frequency spectra for the textured surface configuration. a) St number, b)
Re = 5e4, c) Re = 7e4, d) Re = 9e4, and e) Re = 11e4
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the values of the base pressure coefficient. However, localized roughness exhibited character-
istic kinks in the mean pressure coefficient profile which were absent with the woven coating.
They denote the creation of a laminar separation bubble which promoted turbulent tran-
sition within the boundary layer. Moreover, the Figures from 4.3a to 4.3d show a Cp at
the stagnation point lower than unity, hinting pressure losses due to the flow penetration
through the porous medium, as stated by the Darcy-Forchheimer law. Therefore, a different
mechanism for turbulent transition is likely to be happening as it will be discussed in sub-
section 4.3.2.
The small discrepancies of the Cp profiles are enhanced in the near-wake parameters, par-
ticularly in the the shear layer spreading rate, ∂δ
∂x
(Re), shown in Figures 4.7c- 4.7f, and in
the (Re), in Figure 4.8f. The porous configuration discloses a higher content of circulation
carried within the eddies and a lower spreading rate, in particular at the higher Re number.
The lower dissipation of circulation increased , so that the fully formed vortex reached a
strength comparable to the baseline case within a shorter cycle at the lowest Re number.
Further, it produced a flatter Γ (Re) compared to the trip-wire. Conversely, the trip-wire
revealed a higher spreading at low Re number, and a drop in , hence Γ .
The discrepancies in  coupled with the similarity of Lf and the shear layers spreading rate at
the lowest Re number point at lower losses of circulation for viscous dissipation for the porous
case, (Zdravkovich, 1989). They can be either ascribed to a modified interaction between the
shear layer and the growing vortex, or to the shear layer evolution from the separation to
the end of the formation region. However, a third option can exist for the assumption made
on the estimation of  which does not hold for the boundary layer detached from the porous
configuration.
The modified near-wake parameters, and the shear layer spreading rate points at two bound-
ary layers with distinct profiles at separation and across the Re number range.
In terms of St number, the near-wakes disclose equal trends, as depicted in Figure 4.8a. The
trip-wire shows a steeper growth with the Re number compared to the porous coating. The
trend can be explained through the Lf , and δSL, in Figures 4.8c, and 4.8d. The thinning of
the shear layer is not counteracted by the growth of the formation region, which rises the St
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number for both the configurations compared to the baseline case. Additionally, the plateau
reached by Lf for the trip-wire further increased the St number at the highest Re number.
However, the available data suggest that the amount of circulation shed by the solid surface
plays also a role in the selection of the vortex shedding frequency. This is highlighted by the
results at the lowest Re number where the Stporous ≈ Sttwire > Stsmooth, consistently with
the base pressure coefficient.
Distributed Roughness
In spite of the similarity of the base pressure coefficient between the surface texture and
the porous coating, the mean Cp profile is different for the whole Re number range. In
particular, the Re number dependency of the latter is again related to an increase of the
base pressure coefficient but, the Cp profile does not reveal any feature of turbulent transition,
or delay of the separation point, see Figures 4.6a- 4.6d. As anticipated in section 4.2, for
the highest Re number the frequency spectrum broadens, Figures 4.9b- 4.9e, suggesting
a weakening of the periodic vortex shedding, which leads to the rise of the base pressure
coefficient and the drag coefficient reduction. The broadening of the spectrum hints to a
weakening of the periodic large scale structure which can be induced by 3-dimensionality on
the separation line similar to the effects of helical strakes presented in chapter 2 or those
induced by span-wise disturbances as in (Clapperton and Bearman, 2018). Therefore, a thin
porous coating, namely the Texture, abruptly modified the developed flow in comparison with
a thick porous substrate, within the tested Re number range. Likely, the porous substrate
favours the development of a non-zero radial velocity at the outer boundary of the porous
coating, which is claimed to be the responsible for the drag reduction.
4.3.2 A Heuristic Explanation for the Boundary Layer Turbulent Transition
As suggested in subsection 4.1.2, the mechanism for triggering turbulent transition of the
porous configurations is likely different from that of the trip-wire. Despite the direct flow
measurements at the interface were prohibitive for the model scale, the static pressure mea-
surements at the porous medium boundaries were still possible. Figure 4.10 introduces the
pressure measurements for the three porous topologies at the lowest (Figures 4.10a, 4.10c,
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Fig. 4.10: The inner and the outer pressure coefficient profiles for the three porous topologies
for the lowest and the highest Re number for the Default (Top), the Open-Core (middle),
and the Open-Interface (bottom). a), c), e) Re = 5.2e4 b), d), f) Re = 11e4
and 4.10e) and at the highest (Figures 4.10b, 4.10d, and 4.10f) Re numbers for the Default,
the Open-Core, and the Open-Interface, respectively. Despite the different architectures led
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to minor differences in the Cp(0°), the region of positive and negative pressure drop is the
same for all of them, suggesting it as a feature of the configuration geometry. Additionally,
the pressure coefficient drop is not Re number dependent in contrast to the drag coefficient,
suggesting no link between the two. In fact, for the angle of attack between the incoming
flow and the coating, Cp < 1 over the stagnation region likely relates with the pressure
losses described by the Darcy-Forchheimer law, thus it indicates flow penetration through
the porous medium. It must lead to the development of flow inside the medium, from now
on termed secondary. If it is assumed that there is an inlet, there must be an outlet for the
conservation of the flow-rate. However, it cannot be located over the portion where ∂p
∂r
> 0
since the outflow would lead to a pressure reduction for the dissipative nature of the flow
through the porous medium. Intuitively, it occurs where ∂p
∂r
< 0. For the system geometry,
the secondary flow must generate curved streamlines nearby the outlet. Partly, these balance
the pressure gradient.
Formally, this can be shown through an analysis of the Navier-Stokes Equations, NSE, for
continuity and momentum, Equation 4.1 and Equation 4.2, written relatively to the coor-
dinates system depicted in Figure 4.11 and applied to the fluid element bonded within the
porous domain, (Pope, 2000).
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Taking ldp and Θ as the the radial and the angular length scales and V as the tangential
velocity scale, that for the radial component can be estimated from Equation 4.1 as
ur
ldp
+
1
r
ur +
uθ
rΘ
= 0 (4.3)
leading to ur = O( uldpΘ(ldp+r)). Although r is not known, it is sensible to assume it as r = O(h),
where h is the depth of the medium, i.e. the coating thickness. Since O(ldp) = O(h) then
O(r) = O(ldp). Thus, ur = O( uΘ ). Substituting into Equation 4.2 leads to
∂p
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Fig. 4.11: Cylindrical system of coordinates used for the analysis. Flow is left to right.
Θ ≈ O(1) since it is taken as the coating angular extension. The two assumptions lead to
ur = O(uθ) in the Equation 4.2 which can be rearranged as
1
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u2θ
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+ ν∇U + Fr (4.5)
where the expanded form of the viscous terms are reported in section A.1.
Equation 4.5 states that the pressure gradient is mainly balanced by the mean convective
terms, the mean and the fluctuating centrifugal terms, the Reynolds stresses, the dissipative
and the viscous term. The latter unlikely plays a relevant role since the equations analyse the
mean flow within the porous control volume and not at the wall. Although a single dominant
term cannot be identified, the positive pressure gradient can be mainly generated by the
dissipative terms and the second term at the RHS since the others have opposite tendencies.
Specifically, at the inlet ur < 0 and
∂ur
∂r
< 0 for ur(wall) = 0. Moreover, uθ(θ = 0) = 0 such as
the Reynolds stresses, hence the dissipative term is the dominant term to balance the negative
pressure gradient. On the other hand, the negative pressure gradient must be balanced by
Fr and the other terms for the flow continuity: namely the convective terms, the centrifugal
load and the Reynolds stresses. Not much can be stated about each single term and they
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require direct measurement. However, for continuity the flow must be redirected outwards,
thus the mean streamlines must be deflected. This is consistent with the appearance of the
centrifugal load in the momentum equation.
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Internal 
Boundary Layer
u
w
u
ble
Fig. 4.12: The picture shows a qualitative behaviour of the flow based on the direct measure-
ment of the static pressure. The yellow lines sketch the inferred boundary layers developed
at the inner and at the outer surfaces, in accordance with (Beavers and Joseph, 1967).
Figure 4.12 shows a qualitative trend of the flow around the surface. To be noted that in
the picture two shear layers are proposed, similarly to (Beavers and Joseph, 1967). Over the
surface where the main velocity gradient takes place, and at the inner wall as a 3-dimensional
boundary layer. The secondary flow interacts with the shear layer developing at the interface,
likely generating a perturbation which may recall passive jets with distributed outlet. Their
effect is dominant as the Re number increases, as pointed by the similarities between the
Open-Interface topology and the Texture at the lowest Re number, in the CD, and the
pressure coefficient profiles.
Any direct measurements neither close, nor inside the porous medium were possible. Also,
the tested velocities were out of the range of the smoke generator’s flow-rate, which was
not capable of producing a stream of smoke dense enough for clear images. Additionally,
the model scale limited the flow-rate within the medium, therefore, it would have been
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hardly possible to distinct the inner and the outer flow, particularly at the outlet. Thus, an
architecture which favoured the development of the secondary flow was designed and tested
as a ”blind box” to investigate the determinant mechanism for the turbulence transition.
section 4.4 presents the results for the topology, from now on called the Passive-Jets.
4.4 The Passive-Jets Topology
Following the discussion in subsection 4.3.2, the generation of the secondary flow has been
suggested as the mechanism promoting turbulent transition, similarly to the generation of
distributed passive jets. There have been extensive studies on passive-jets in cross-flow,
namely (Andreopoulos and Rodi, 1984), (Fric and Roshko, 1994), (Mahesh, 2013) and (Cam-
bonie et al., 2013) who identified R = uw
uble
, as one of the two characterizing parameters related
to the perturbation provided by the jet penetrating the boundary layer. uble corresponds to
the mean flow speed outside the boundary layer. This can be thought as
uble = f
(
∂p
∂θ
,
m˙primary
m˙secondary
(K,φ)
)
(4.6)
where the pressure gradient is mainly imposed by the body geometry and the mass flow-rate
of the primary and secondary flows are controlled by the medium permeability characteristics
and its porosity. uw can be thought as
uw = f
(
K,
φinlet
φoutlet
)
(4.7)
where φ stands for the porosity at the inlet and the outlet respectively. Increasing the local
medium permeability characteristics, K, would reduce the pressure losses through the porous
medium, thus maintaining the energy of the secondary flow, hence the speed, uw. Further,
increasing the local porosity would increase the flow rate, m˙secondary. This would rise the
mixing between the primary and secondary flows, reducing uble. R would increase, likely
allowing a deeper penetration into the boundary layer, thus promoting an earlier transition.
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Fig. 4.13: The Passive-Jets topology for the Stagnation configuration.
The architecture in Figure 4.13 redefined the wires layout, increasing the porosity, thus
Kstreamline, along the channel supposedly followed by the secondary flow. The number of
wires was slightly higher than the Open-interface topology to highlight how their distribution
matters over the material porosity. The pressure gradient was employed to mark the inlet
and the outlet boundaries for the lack of more accurate data. The porosity at the outlet was
kept lower than that at the inlet for further increasing of the local, internal flow velocity. To
be noted that, although φ and K may not correlate for periodic porous media, in this case
we refer to K as the local medium permeability which must have been increased for the
higher porosity along the channel.
5 6 7 8 9 10 11 12
Re 104
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
C D
PJets Open-Interface Twire-1.1% Twire-0.9%
Fig. 4.14: Direct measurement of the total drag coefficient: comparison between the Open-
Interface and the trip-wires against the Open-Stagnation topology.
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The total CD is showed in Figure 4.14. The Re number dependency is still present,
however, it is weaker than that of the Open-Interface topology. Noticeably, the configuration
outperforms the trip-wire of 0.9% d/D at the lowest Re number, whereas, it produces a
slighlty lower reduction than the Open-Interface, at the highest Re number. Nevertheless, it
does not achieve the reduction produced by the trip-wire of 1.1% d/D. Figures 4.15a- 4.15d
show the Cp distribution. Consistently with the CD, the current topology shows a markedly
higher base pressure coefficient already at the lowest Re number compared to the trip-wire
of 0.9% d/D, and the Open-Interface topology, being similar to the trip-wire of 1.1% d/D.
However, the latter delays the separation point further downstream as suggested by the mean
pressure coefficient profile, from which the even lower CD. Besides, the discrepancy on the CD
can be also ascribed to the drag induced by the development of the secondary flow within the
porous substrate. It is noteworthy the absence of kinks in the porous’ profile in spite of the
higher base pressure coefficient recovery against the trip-wire of 0.9% d/D, strengthening the
suggestion of a different mechanism to promote turbulence in the boundary layer. Specifically,
the trip-wire generates local flow separation, and subsequent reattachment which produces a
turbulent boundary layer, while the porous configuration likely induces disturbances within
the boundary layer by injecting fluid along the cross-flow directions. Although the Passive-
Jets topology triggered the mechanism at an earlier Re number, it slightly deteriorates the
performance at the higher Re number compared to the Open-Interface topology. This can be
explained by the following argument: the generation of the secondary flow implies the mixing
between low and high momentum fluid, which, at the same time perturbs the boundary layer,
and thickens it. If the amount of fluid belonging to the secondary flow exceeds a threshold,
which is based on the external flow rate, the thickening of the external boundary layer could
partly hinder the benefit of transition to turbulence by anticipating its separation, hence
worsening the performance, (Gad-el-Hak et al., 1998). Such optimization study requires
both an experimental investigation to control the boundary layer development over both the
rough surface and the internal flow, followed by a numerical model.
It must be stressed that the development of the secondary flow places a constraint to the
coating thickness. This may limit its technological applications.
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Fig. 4.15: The pressure coefficient profiles at a range of Re numbers for the Open-Interface,
the Passive-Jets topologies, and the trip wires. a) Re = 5e4 b) Re = 7e4 c) Re = 9e4 d)
Re = 11e4
Interestingly, the present solution is capable of triggering turbulent transition within the
boundary layer at a Re number one order of magnitude lower than that of (Clapperton
and Bearman, 2018). The latter exploits distributed passive jets over a smooth surface, at
an angular location near the separation point: the energetic flow enters an empty chamber
through orifices at the stagnation point, and is redirected towards the region of interest
by the passive suction of the external flow. However, mixing losses may occur when the
energetic flow enters the chamber, thus affecting the mechanism efficiency, hence shifting
the Re number threshold. Also, (Clapperton and Bearman, 2018) employed a plain surface,
whereas, at the present case, there must be a disturbance induced by the porous substrate
rough surface on the boundary layer development.
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Conclusions and Suggested Future Work
The present chapter investigated the effects of placing a porous coating at the stagnation re-
gion of a circular cylinder for the drag coefficient reduction. In total, four porous topologies,
namely the Default, the Open-Core, the Open-Interface, and the Passive-Jets were tested and
compared against a smooth cylinder, plain and equipped with two trip-wires of 0.9% and
1.1% d/D, and a Texture configuration. The direct drag, and the static pressure measure-
ments were performed on all the cases mentioned above, whereas the near-wake investigation
was carried out on the smooth, the Open-Interface, and the trip-wire of 0.9%d/D. The Tex-
ture was investigated in terms of frequency spectra, only.
The CD(Re) of the porous configuration revealed no difference between the initial topologies,
the Default, the Open-Interface, and the Open-Core and, it was found to be close to both
the Texture, and the trip-wire of 0.9% d/D. Nevertheless, the Texture revealed major dif-
ferences with the pressure coefficient distribution and the frequency spectra. The trip-wires
results were similar to the porous configurations, but the presence of the kinks in the Cp
profile, absent for the porous coating, hinted to a different mechanism for the boundary layer
turbulent transition, thus a subsequent alteration of the flow around the cylinder. This was
confirmed by the St(Re), and the near-wake parameters, particularly for the lower amount
of circulation losses, highlighted by the parameter . With the aid of the static pressure mea-
surements at the coating edges, a qualitative description of the developed flow was drawn,
which inferred the development of a secondary flow inside the porous medium. Its interaction
with the surface boundary layer favoured the turbulence transition of the latter, and delayed
the separation point. It was claimed that the mechanisms which perturbed the boundary
layer compete between:
 the interaction between the secondary flow and the surface flow, which generate cross-flow
jets;
 the interaction of the surface flow with the coating outer, rough surface.
At the lowest Re number the latter are relevant, as a direct comparison between Figure 4.3,
and Figure 4.6, whereas at the higher Re number the interaction between the two flows
takes over, promoting turbulent transition. An additional configuration, the Passive-Jets,
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was tested with improved permeability characteristics along the inferred mean streamline of
the secondary flow. It modified the CD(Re), reducing the CD at the lowest Re number, thus
strengthening the hypothesis on the development of the secondary flows. Also, it became
dominant over the action of surface roughness, even at the lowest Re number.
The Re number range tested did not allow any of the configurations to reach a plateau in
the drag coefficient curve, leaving room for future experiments. For the mixing between the
low and high momentum flows, intuitively the porous configuration could not outperform
the trip-wires. However, the interaction of the secondary flow with the outer shear layer
may lead to peculiar, yet complex, vortical structures within the boundary layer, (Fric and
Roshko, 1994), which could generate a more efficient momentum transport, upon ad-hoc
coating design. Although the ”blind box” test revealed the heuristic approach successful, the
mechanism is far from being fully understood. In particular, the effects of the external sur-
face roughness on the boundary layer development, and those of the internal architecture on
the secondary flow must be understood. Since the porous coating does not decouple the two
of them, it is suggested to perform an experiment over a coating which resembles the surface
texture equipped with internal channels, which allow the generation of cross-flow jets. The
decoupled configuration allows the separate control of the external boundary layer growth,
and the outlet velocity of the internal flows, namely the parameter R. Upon evaluation of the
performance, the effect of the coupling generated by the porous coating can be assessed. The
tests should be conducted in a ZPG first and then an APG. For technological development,
a sensitivity to the thickness of the porous medium is mandatory.
From a technological perspective, providing the required structural and aerodynamics prop-
erties, the solution may hold the advantage of exploiting the porous medium heat transfer
capabilities, since the internal surface is exposed to the secondary flows. Nevertheless, this
last point should be directly assessed and, no conclusion can be anticipated. The development
of turbulence within the secondary flow may increase the fluid temperature, hence worsening
its capability to extract heat from the body. Further, it must be proved that a reasonable
amount of flow-rate is delivered within the medium. Providing the two former points, a
trade-off between the medium fluid permeability and the thermal conductivity should be
sought during the design process, being contrasting properties.
5Woven Coating at the Separation Region
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Fig. 5.1: The Separation configuration.
The boundary layer around the cylinder is more susceptible to disturbances nearby the
separation region, where is easier to modify its state, and recover the base pressure coefficient.
Placing the coating over this area seems appealing since it could generate flow entrainment
similarly to shrouded devices, (Wong, 1979), and delay the separation. The direct drag,
and the surface pressure measurements were performed on the three topologies, namely the
Default, the Open-Core, and the Open-Interface, to assess the drag reduction, and the mod-
ification of the flow field. The near-wake analysis was performed to assess the alteration of
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the St, on the Default case only, because of the weak sensitivity to the architecture modi-
fication,. Analogously to chapter 4, the porous substrate was compared against a textured
surface to bound the performance between a thickness range.
5.1 Direct Drag and Surface Pressure Measurement
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Fig. 5.2: The total CD measurements for the Default, the Open-Core, and the Open-Interface
topologies of the Separation configuration.
Figure 5.2 reports the total CD. The configuration did not reduce the drag coefficient.
Although all the results fall within the experimental noise, a light trend is detected with the
Open-Core topology leading to the worst performance, and the Open-Interface to the best.
Specifically, the former increased the CD by 6%, whereas the latter by 2%, both with no
Re number dependency. Conversely from the smooth case, whose CD is mainly ascribed to
the CDp, (Zdravkovich, 1997), Figure 5.3 shows a non-negligible component of parasitic drag
for the Separation configuration. It indirectly points to the development of flow inside the
porous medium, which must be a feature of the configuration geometry since the amount
of losses are similar for all the three porous topologies. Figures 5.4a, and 5.4b depict the
Cp profiles at Re = 5.2e4, and Re = 11e4, respectively, for the three topologies Default,
the Open-Core and the Open-Interface. They disclose minor modifications on their shape
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Fig. 5.3: The CDpar. for the Separation configuration.
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Fig. 5.4: The pressure profiles for the Default, the Open-Core and, the Open-Interface topolo-
gies of the Separation configuration. a) Re = 5.2e4, b) Re = 11e4
over the area where the porous coating lays, and over the base region, for the whole Re
number range. Consistently with the CD, there is no dependency on the Re number. At its
lowest value, Figure 5.4a, all the three topologies have the base pressure coefficient within
the experimental noise and overlapped to the baseline case. For the higher Re number,
Figures 5.4b, the Open-Core tends to have a base pressure coefficient slightly lower than the
other two, consistently with the CD trend. It hints that the weak sensitivity to the topology
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alteration on the CD is mainly due to the pressure drag coefficient, thus to the location of
the separation point. Nevertheless, the pressure profiles suggest that the main discrepancies
with the smooth case are due to the parasitic component of the drag coefficient, for the
similarity of the base pressure coefficient between the porous and the smooth cases.
5.2 Near Wake Analysis
Since the mean pressure coefficient profiles did not show any relevant difference, the near-
wake was investigated to detect any flow alteration due to the porous coating. Due to the
similar behaviour between the architectures, the investigation was performed on the Default
topology only, in the plots referred to as Porous. It consisted of the shear layer thickness,
δSL, its spreading rate, the St number, Lf , and the non-dimensional vortex circulation,
Γ/(urefD). δSL, and its spreading rate have been estimated from the shear layer profiles in
Figures 5.5a, and 5.5b. The latter reveal a shear layer whose maximum speed is slightly
shifted upwards, hence a wider near-wake for the porous configuration. The spreading rate
in Figures 5.5c, and 5.5d, is higher for the porous coating, for the whole Re number range.
Figure 5.6 presents the near-wake parameters. The St number, Figure 5.6a, has been altered
over the whole Re number range in contrast with the nearly unchanged base pressure coeffi-
cient, in 5.6b. However, there is a weak similarity between the trends of the St number, Cpb
and, Lf , in Figure 5.6c. However, the latter two do not strictly relate to each other as in the
smooth case. In contrast with a thinner shear layer, the porous coating produced a longer
formation region. The latter does not balance the former which increases the St number,
being Cpb−smooth ≈ Cpb−porous. Since Lf is a function of the vorticity transport in the near-
wake and, of the spreading rate, (Zdravkovich, 1997), which are, in turn, dependent on the
boundary layer profile at separation, (Hussain and Zedan, 1978), the present results suggest
that the boundary layer profile is a relevant region to be measured for the determination of
the St number. The vortex circulation, Figure 5.6e, has been estimated from contour plots
obtained through conditional sampling, as explained in chapter 3. Its trend, Figure 5.6e,
is justified by Lf . At the intermediate Re numbers, Lf is shorter, thus a greater amount
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Fig. 5.5: The shear layer velocity profiles at the downstream station x/D = 0.5, and its
spreading rate for the Default and the smooth configurations. a) c) Re = 5.2e4 b) d) Re =
11e4
of circulation has been redirected inside the vortex with a drop on its overall strength. The
opposite happens at the lowest, and at the highest Re numbers.
5.3 Distributed Roughness
Analogously to chapter 4, the Default topology was tested against the Texture case, placed
over the separation region. Figure 5.7 reports the results for the CD: the trend is not mono-
tonic, showing a minimum at Re = 7.2E4, and slightly increasing at the higher Re number
values. The trend is confirmed by the pressure coefficient profiles in Figure 5.8. Consistently,
the highest base pressure coefficient occurs at Re = 7.2E4, in Figure 5.8b, with slightly
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Fig. 5.6: The near-wake parameters for the Default and the smooth case, of the Separation
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5.4 Discussion 91
5 6 7 8 9 10 11 12
Re 104
0.9
1
1.1
1.2
1.3
1.4
C D
Smooth Texture
Fig. 5.7: The picture shows the total drag coefficient for the textured configuration.
lower values at the lowest, and the highest Re numbers, Figures 5.8a, 5.8c, and 5.8d.
While the latter’s Cp profiles resemble a circular cylinder whose boundary layer undergoes
turbulent transition with subsequent delay of the separation point, as in Figure 2.3, Figure
5.8b depicts a higher base pressure coefficient with no signature of delayed separation. The
analysis of the configuration’s frequency spectra, showed in Figures 5.9a- 5.9d, clarifies the
above statement. An explanation will be given in subsection 5.4.1.
5.4 Discussion
5.4.1 The Porous Substrate Versus the Surface Texture
Figure 5.2 and Figure 5.4 highlight how the presence of wall permeability suppressed the
effect of the surface protrusions, along with the Re number dependency, for the Default, the
Open-Core, and the Open-Interface cases of the porous configuration. In contrast, Figure 5.7,
and Figure 5.8 show an alternating trend of the CD reflected into the base pressure coefficient
for the Texture topology. At Re = 7.2E4 the base pressure coefficient is approximately the
45% higher than the baseline case. This occurred for the periodic vortex shedding disruption,
as proved by the frequency spectrum in Figure 5.9b. The case is similar to the surface texture
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Fig. 5.8: The pressure coefficient profiles for the tested Re numbers of the Texture topology
mounted on the Separation configuration, against the baseline. a) Re = 5.2e4 b) Re = 7.2e4
c) Re = 9.2e4 d) Re = 11e4.
presented in chapter 4 where an incipient disruption of the vortex shedding starts at the
highest Re number tested. With the current configuration, the total suppression occurs at the
intermediate values for the higher sensitivity of the boundary layer to disturbances over the
separation region. The above effect does not last at the higher Re numbers. Vortex shedding
reappears together with the peaks in Figures 5.9c and 5.9d. The turbulent transition is
promoted within the boundary layer and the separation point is delayed further downstream,
as from the pressure coefficient curves in Figures 5.8c and 5.8d: the profile assumes a
shape similar to a circular cylinder in TrBL4, as in chapter 2, Figure 2.3. With no direct
measurements of the boundary layer is not possible to provide a rigorous explanation, besides
claiming the fragmentation of the separation line. Nevertheless, since the objective was to
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Fig. 5.9: Frequency spectra of the Texture topology mounted on the Separation configuration.
a) Re = 5.2E4, b) Re = 7.2E4, c) Re = 9.2E4 and, d) Re = 11E4.
highlight the distinct flows generated by the Texture and the porous configurations, the
discrepancies in the CD(Re), the Cp(Re), and the disappearance with further reappearance
of the vortex shedding were deemed satisfactory to the purpose.
5.4.2 What is the Role of the Porous Coating?
The role of the porous coating is questionable for the similarities between the Cp profiles,
and the baseline case. However, the weak discrepancies of the pressure coefficient profiles,
Figure 5.4, are more marked in the near-wake parameters. The St number was the 3% higher
than the baseline case despite the increased CD, conversely to the common trend for bluff
bodies which show an increase/decrease of the St number against a decrease/increase of the
CD. Nevertheless, the raise of CD is due to the presence of CDf . If the St number values are
compared against the CDp values, the trend is established again.
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The porous configuration sheds a thinner shear layer with a greater spreading rate. Never-
theless, this was coupled with a formation region longer, Figure 5.6c, than the baseline case
albeit Cpb−porous ≈ Cpb−bline, within the experimental uncertainty, as in Figure 5.6b. Thus,
the presence of the coating altered the smooth case’s trend between the base pressure coeffi-
cient, the formation region and the shear layer spreading rate, which produced the alteration
of the St number. For the similarity of the base pressure coefficients, and the weaker vortex,
the increase of the St number likely follows the trend of Lf · δSL, i.e. the elongation of the
formation region is not compensated by the thinning of the shear layer due to the higher
spreading rate, Figures 5.6c, 5.6d, 5.5c, and 5.5d. Since the shear layer is influenced by
the boundary layer profile at the detachment, (Hussain and Zedan, 1978), the present data
highlights the importance of the boundary conditions in terms of separating boundary layer
on the near-wake evolution and, on the St number selection for the similarity of the base
pressure coefficient.
Although it was not possible to study the boundary layer, the static pressure measurements
inside, and outside the porous medium, Figure 5.10, helped to give a qualitative picture of the
flow within the control volume represented by the porous coating. Figure 5.10 highlights the
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Fig. 5.10: The inner and the outer pressure coefficient profile of the Default topology for the
porous configuration at Re = 5.2e4.
presence of an inward pressure gradient for the first section of the porous medium, θ < 70°,
and an outward pressure gradient over the second one, θ > 70°.
It is sensible to make use of the NSE written with respect to a cylindrical coordinate system,
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as in Figure 4.11, for a better understanding of the balancing terms. For the equilibrium in
the radial direction, the equations Equation 4.2 can be written as
1
ρ
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= −ur ∂ur
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− uθ
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omitting the viscous term which can not be dominant for the likely development of turbu-
lence over and inside the medium. chapter 4 showed that the dimensional analysis would not
provide useful results for the similarities between the terms. However, the analysis of each
single term can provide a picture of the mean flow pattern, even with the limited resolution
of the measurements. Specifically, it is intuitively to think that ur < 0 over the first section
of the porous region since the flow must point inwards to avoid separation. Also, ∂ur
∂r
< 0 for
ur|r=porousedge < 0 and ur|r=wall = 0. The third term of the RHS is always positive and it
can balance a negative pressure gradient only if the streamlines are curved towards the wall.
Straight conclusions cannot be drawn on the second term since ∂ur
∂θ
could be either positive
or negative, such as the Reynolds shear stresses.
The centrifugal term is associated with curving streamlines. Since the positive pressure gra-
dient can be balanced by the centrifugal term only, it is reasonable to infer outward curving
streamlines where ∂P
∂r
> 0. This suggests the development of inward curving streamlines
over the first portion of the coating in accordance with the mean convective terms, as in
Equation 5.1. This is depicted in Figure 5.11: the mean flow is curved towards the wall as
it approaches the porous boundaries, and away from it when the pressure gradient becomes
positive, and separation is triggered, leaving stagnating fluid within the porous substrate.
When the two curves overlap, the static pressure acting on the coating top-edge and the
solid wall are the same which is an indication of no flow within the porous medium, being
the shear layer already above the surface. The significant parasitic drag coefficient presented
in Figure 5.3 is a further justification of the flow through the porous medium and strengthen
the assumptions made on the terms at the RHS of Equation 5.1.
Noticeably, the pressure coefficient profiles highlight how the dissipative term does not have
a predominant influence on the pressure gradient since it could only lead to a drop in the
static pressure and, this is not consistent with the locations of the flow’s inlet and outlet
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inferred from the former analysis. It is noteworthy the opposite behavior of the Stagnation
configuration presented in chapter 4. It confirms that the medium’s permeability, and the
Forchheimer’s factor cannot be the design parameters to optimize the architecture. The ar-
gument will be further discussed in chapter 6.
Inner
Boundary
Layer
Region of
Separation
Porous Domain
Free Shear Layer
Fig. 5.11: The physical model of the flow over the porous substrate. To be noted that the
black arrows do not represent streamlines, but symbolic mean paths of the fluid particles.
The former analysis helps explaining the similarity between the pressure coefficient profiles.
Despite the detection of the mean separation point was not possible with any direct measure-
ment, it is claimed to happen where the mean streamlines start to deflect outwards, namely
after the intersection between the inner, and the outer mean Cp profiles, 69°< θseparation < 83°
against θsmooth−sep = 78°.
The scatter in the CD, and the Cp curves discloses a weak sensitivity to the topology alter-
ation. In particular, the comparison of the pressure coefficient profiles between the Default,
and the Open-Interface in Figure 5.4, reveals a difference in the base pressure coefficient
comparable to that of the CD. This points at a slight delay in the separation point of the
Open-Interface, hence the impact of the topology alteration on the final performance. How-
ever, the sensitivity is weak enough not to modify the qualitative trend of the pressure
profiles, as in Figure 5.4.
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Although the mechanism linked to the topology alteration cannot be explained without direct
experimental proofs, further explanation will be given in chapter 6.
Conclusions
The porous coating was placed around the separation region with the aim of generating fluid
entrainment, and shifting downstream the separation point. Conversely from the Texture,
the coating performance were detrimental to the drag. The estimation of the CDpar revealed
it to be non-negligible towards the CD. In fact, as highlighted by the Cp profiles it was
the reason of the increased drag coefficient of the porous cases compared to the smooth
configuration. The pressure measurements on the outside, and on the inside of the coating
allowed to form a qualitative picture of the flow around the body, suggesting that the mean
streamline curvature deviates inside the substrate. Specifically, it curves inward over the
first portion of the porous substrate, and outwards in correspondence of the separation. This
suggests the capability of the porous coating to smoothen the back-facing step. Although a
further modification of the porous topology did not achieve the drag reduction, it brought
minor alterations, decreasing the CDp against a CDpar within the experimental uncertainty,
thus unaltered. The presence of the coating increased the St number for the modification
of the shed shear layer thickness, its spreading, and Lf , albeit the base pressure coefficient
remained constant within the experimental uncertainty. The latter observation suggested
that the St number is dependent on the boundary layer profile, besides the base pressure
coefficient.
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Fig. 6.1: The cases tested for the Leeward configuration.
In chapter 5 the system geometry was blamed as the main culprit for the bad performance
in the form of drag reduction capabilities. This chapter presents a configuration with the
woven coating extended over the whole leeward region of the cylinder, starting from the
separation region, as in Figure 6.1. First, the performance of the porous configuration were
compared against a slotted case, i.e. a back-facing step in a pressure gradient to highlight the
impact of the coating. Then, the sensitivity to the three reference topologies was explored.
A fourth architecture was tested as an assessment on the impact of the stream-wise flow
resistance to the drag reduction. The experiment helped to point at the main mechanism
responsible for drag reduction. The near-wake analysis was carried out for the three main
topologies to validate the CD(Re), and to assess any alteration of the St number.
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6.1 The Porous Versus the Smooth and the Slotted Configurations
6.1.1 Direct Drag and Surface Pressure Measurements
Figure 6.2 summarizes the CD(Re) of the coated configuration against the reference cases.
The Slotted case led to the highest drag for the separation occurring over the step, followed
by the smooth cylinder and the porous one. Apparently, the latter modifies the flow over the
step, inhibiting its separation. Subsequently, the coated case does reduce the drag, but its
Re number dependency is weaker than the case presented in chapter 4, displaying the lowest,
and the highest CD at the lowest, and at the highest Re number, respectively. The surface
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Fig. 6.2: The direct measurements of the total drag coefficient for the baseline, the Default
topology and the slotted case, for the Leeward configuration.
pressure distribution in Figure 6.3 confirmed the former points. The slotted case developed
the highest base suction due to the early separation induced by the step, whereas the porous
coated case showed the highest base pressure coefficient. The weak CD(Re) dependency is
reflected into the base pressure coefficient trend, showing a slightly lower value at the highest
Re number, as in Figure 6.3b, than that at Re = 5.2e4, Figure 6.3a. Despite the boundary
layer over the porous coating is likely to be in the turbulent regime, the surface pressure
distribution is different from that in chapter 4, where the base pressure coefficient recovery,
Cpb − Cpmin, is higher. The mechanism will be discussed in section 6.3.
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Fig. 6.3: The pressure coefficient profiles at different Re numbers for the reference cases, and
the coated topology. a) Re = 5.2e4 and, b) Re = 11e4
6.2 Porous Topologies
6.2.1 Direct Drag and Surface Pressure Measurements
Figure 6.4 reports the CD(Re) for the modified topologies. The configuration revealed a
stronger sensitivity to the topology alteration compared to the Stagnation, in chapter 4. The
Open-Core architecture led to a slightly higher drag coefficient than the Default case whose
internal topology is denser. In particular, there must be highlighted the discrepancy at the
lowest Re number, which diminishes at the higher values, symptom of an impact of the in-
ternal wires layout on the drag reduction. On the other hand, the Open-Interface led to the
highest CD reduction, for the whole Re number range. The Empty-Top topology led to in-
termediate performance between the Default and the Open-Interface. The trend is remarked
by the pressure coefficient profiles in Figure 6.5. The Cpb reveals the minimum value for the
Open-Core, which is enhanced at the lowest Re number, in Figure 6.5a, and is diminished
at the highest, in 6.5b. The Default, and the Empty-Top cases have the intermediate values,
with the latter slightly higher than the former, consistently with the CD(Re). Consistently
with the CD(Re), the base pressure coefficients of the Default topology at the lowest Re
number, is higher than the Empty-Top’s one. The match between the CD, and the Cp pro-
files point at the predominance of CDp for the drag coefficient reduction. Nevertheless, the
coating location induced non-negligible pressure losses due to the flow through the porous
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Fig. 6.4: The direct measurements of the total drag coefficient for the smooth, the Default, the
Open-Core, the Open-Interface, and the Empty-Top topologies of the Leeward configuration.
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Fig. 6.5: The pressure coefficient profiles at the tested Re numbers for the Default, the Open-
Core, the Open-Interface, and the Empty-Top porous topologies, and the baseline case. a)
Re = 5.2e4 and, b) Re = 11e4
medium, hence the rise of the parasitic component of the drag coefficient, as in Figure 6.6.
Noticeably, the Default, the Open-Core, and the Open-Interface topologies disclose values
within the experimental uncertainties, whereas the Empty-Top is sharply higher, being ap-
proximately the 30% CD. For the absence of wires at the outer layer, the greater parasitic
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Fig. 6.6: The CDpar. for the porous topologies of the Leeward configuration.
component can be ascribed to the flow through the exposed Z-wires, besides the velocity gra-
dient at the fluid-porous interface, (Beavers and Joseph, 1967). Thus, although the pressure
term is still predominant, CDpar must be controlled over the whole design process. A further
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Fig. 6.7: The comparison of the total, the pressure, and the friction drag coefficient between
the Leeward configuration, and the Stagnation configuration.
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proof is shown in Figure 6.7, where, despite the CD of the Leeward, and of the Stagnation
fall within the experimental uncertainty, the pressure drag coefficient for the former is the
17% lower than that of the latter.
6.2.2 Near-Wake Analysis
The shear layer profiles, and their spreading rate are presented in Figure 6.8. The velocity
profiles in Figures 6.8a, and 6.8b at Re = 5.2e4, and Re = 11e4 do not reveal any marked
difference between the Default, the Open-Core, and the smooth case, at the region of the shear
layer nose, whereas all the shear layer profiles detached by the porous topologies are shifted
upwards, at the region of the velocity gradient, compared to the smooth case. The Open-
Interface is the only topology which shows a distinct profile at the nose region, suggesting
a lower ejection speed at separation. The observation is consistent with the higher base
pressure coefficient, as from the profiles in Figures 6.5a, and 6.5b, and what reported in the
literature, (Roshko, 1954). The spreading rate of the shear layer reveals the lowest value for
the Open-Interface, at both the highest, and the lowest Re number values, in Figures 6.8c,
and 6.8d. Consistently with the Cpb, the Default, and the Open-Core reveals spreading rate
within the experimental uncertainty, but greater than the Open-Interface case.
Figure 6.9 shows the near-wake parameters of the porous topologies. The St number, in
Figure 6.9a, has been increased between the 10%, and the 12% when the Default, and the
Open-Interface were tested. The trends are consistent topology-wise with those of CD, and
Cpb, as in 6.9b. However, in contrast with the CD plots the St number exhibits a flat curve.
Its invariability within the range is justified by the trend of the Lf in Figure 6.9c, and δSL in
Figure 6.9d, identical to the CD(Re). The elongation of the formation region at the lowest
Re number is not counteracted by the further thinning of the shear layer, which would avoid
a local rise of the St number. At the present case, the elongation of the formation region
is consistent with the shear layer spreading rate, including their experimental uncertainty.
Since the latter is dependent on the boundary layer velocity profile at the separation, as
anticipated in chapter 5 the latter may play a determinant role on the St number trend,
through the shear layer characteristics, (Hussain and Zedan, 1978), and Lf , in addition to
the base pressure coefficient. However, how the boundary layer velocity profile, and the St
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numbers are linked has not been studied in this work, and it should be matter of future
research. On a side note, the normalized vortex strength, Γ/(urefD) in Figure 6.9e, dropped
for the constancy of the St number, and the higher base pressure coefficient accordingly.
However, for the current results it does not seem to be a parameter relevant to describing
the St number trend.
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Fig. 6.8: The shear layer velocity profiles for the porous topologies placed at the leeward
region, at the downstream location x/D=0.5, and their spreading rate. a), c) Re = 5.2e4,
and b), d) Re = 11e4
6.3 Suggested Mechanism for the Drag Reduction
The configuration equipped with the Default topology showed a drag coefficient reduction
when compared to the smooth, and the Slotted cases. The alteration of the interface topology
further reduced the CD, hinting a coupled mechanism linked to both the coating location,
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Fig. 6.9: The near-wake parameters of the leeward configuration. a)St number b) Cpb c) Lf
d) δSL at x/D = 0.5 e) Γ/UrefD
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and its architecture. Placing the coating after the back-facing step inhibited the generation
of the turbulent recirculation bubble, in contrast with the Slotted configuration, as from the
Cp profiles in Figure 6.3, which do not flatten straight after the step edge. The mean stream-
line must have been deflected towards the coating to avoid separation, leaving a contained
amount of stagnating fluid at some location closest to the step wall.
The outer Cp profiles confirm the statement, as in Figure 6.10. An alternating negative, and
positive radial pressure gradient is generated over the coating. Analogously to the config-
uration in chapter 5, the negative pressure gradient is generated by the inward streamline
curvature for the entrainment of fluid. The delayed change of sign of the pressure gradient
suggests a deferred changing in the curvature of the mean streamline. As claimed in chap-
ter 5, the latter should hint to the beginning of flow separation, which will take place after
78° for the current configuration, hence further downstream than the smooth case. This is
consistent with the higher base pressure coefficient compared to the baseline case. It is evi-
dent that the coating is capable of containing the effects of the back-facing step, by reducing
the generation of the separation bubble. Since the latter is a characteristic of flow separation,
the porous substrate discloses preliminary control capabilities. However, further experiments
are needed to determine the material properties, which affect it.
The case directly proved the relevance of the system geometry for the final performance.
Although the secondary flows are necessary for the drag reduction, the porous structure
produces momentum losses, which thicken the boundary layer promoting the flow separa-
tion. Therefore, the upstream extension of the coating must be limited near the separation
region, to delaying the dissipative action of the coating on the flow, and to avoiding an early
separation. In fact, this is claimed to be the reason why the Separation configuration, whose
inlet was located at 49.5° generated detrimental performance, in contrast with the present
case, whose inlet is at 58.5°, as from Figure 3.7, in chapter 3.
The results disclose a sensitivity of the CD to the topology modification. Both the internal
and the interface geometry showed an alteration of the performance: while the Open-Core
slightly increased the CD compared to the Default case, the Open-Interface provided further
reduction, as in Figure 6.4. The greater CD reduction is associated with greater pressure
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Fig. 6.10: The inner and the outer Cp profiles at Re = 5.2e4 for the Leeward configuration
equipped with the Default topology.
recovery, as in Figure 6.5. Despite controlling the phenomenon requires a bespoke experi-
mental activity, the next lines put forward an argument to explain their trend.
The tests on the Empty-Top topology clarified the minor impact of the porous-induced drag
coefficient on the final performance, Figure 6.4. Despite its upper edge had been emptied,
the results fall between the Default, and the Open-Interface cases. Thus, the medium per-
meability characteristics along the angular direction are not the main parameter to control
the drag reduction. In fact, the higher base pressure coefficient is likely linked to a delayed
separation. Turbulent boundary layers perform better on separation because the associated
transport is more efficient than the laminar one. Over smooth surfaces, high momentum
particles are taken from the irrotational, high energy flow and transported to the near-wall
region following the natural transport as stated in (Gad-el-Hak et al., 1998). On the other
hand, when porous surfaces are present, it must be expected that high-momentum particles
must be carried across the medium, which, then behaves as a filter between the outer, ener-
getic flow, and the near-wall one, where the flow transfers the pressure load to the main body.
Therefore, increasing the interface porosity, and facilitating the access of the energetic parti-
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cles to the medium is likely to improve the performance, as confirmed by the Open-Interface
case, in Figure 6.4, and in Figure 6.5. However, deep within the medium the momentum
transport to the near-wall, i.e. the Reynolds shear stress distribution, is driven by the inter-
nal flow properties, which are function of the internal velocity, uD, and the geometry. The
discrepancies between the Default, and the Open-Core cases at the lowest Re number in
the CD, Figure 6.4, in the Cpb, in Figures 6.5a- 6.5b, and in the Lf , in Figure 6.9c, prove
it. Furthermore, they reveal that a denser, less permeable core can perform better than a
sparse one on the cross-flow momentum transport within the medium, suggesting that the
material optimization would not be straightforward. Although it is not possible to provide a
rigorous explanation without direct measurements within the medium, Figure 6.11 illustrates
a conceptual argument on the impact of the internal material layout on the performance.
The dotted box represents a homogeneous, periodic, flat, porous model, in a parallel flow.
The two schematics on the right depicts two wires layouts, which could compose the sim-
plified model. For instance, a vertical layout of three cylinders could generate a stronger
interaction between the wakes produced by each single element, thus a greater resistance
to the flow in the main stream direction. However, the wakes interaction may improve the
cross-flow momentum transport,lm. On the other hand, when these are placed in tandem at
a given distance along the thickness, they can experience lower drag due to the sheltering
effects, and the disturbance induced by the rear device in the near-wake of the front cylinder,
(Zdravkovich, 1988), thus leading to higher permeability characteristics. The associated wake
would be narrower, likewise the interaction with the underlying pair more limited, suggesting
a likely less efficient momentum transport.
Although not directly applicable to the actual architecture, the above discussion provides an
argument to explain the trend of the Open-Core, and the Default. Moreover, it suggests that
a trade off between permeability characteristics along the mean flow direction, and efficient
cross-flow transport must be sought for the material design to minimizing the pressure drag
coefficient, while controlling the parasitic one. Therefore, the material should be designed
anisotropic in its fluidic properties. Nevertheless, there is still a debate about the character-
istic properties of a porous medium subjected to a fluctuating velocity field, see for instance
(Lasseux et al., 2019), thus the medium properties to be optimized for increasing the mo-
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mentum transport efficiency may differ from the parameters of the Darcy-Forchheimer’s law,
(Forchheimer, 1901), leaving room to decoupling the momentum transport, and the resis-
tance along the main flow direction.
To summarize, the former argument qualitatively explain the differences between the three
main topologies tested. It is fairly intuitive that increasing the porosity at the coating top-
edge would improve the momentum transport from the outer region to the near-wall, hence
improving the performance. On the other hand, the internal architecture modifies the internal
transport of momentum. Although this would require direct measurements, its significance
is reflected into the CD(Re) trend of the Default topology against the Open-Core, the first
showing a lower CD at the lowest Re number. The tendency was confirmed by the base
pressure coefficient, and the near-wake parameters, specifically Lf . Although at the present
case the performance of the configuration are worse than those achieved by placing surface
texture over the cylinder surface, as in Figure 5.7, in chapter 5, it has been proved in the
past, (Sajben et al., 1977), and (Corke et al., 1980), that the turbulent momentum transport
between the energetic flow, and the near-wall region can be improved by the presence of
rigid appendices above the boundary layer edge. Specifically, (Sajben et al., 1977) showed
that solid appendices placed outside a turbulent boundary layer can augment the efficiency
of the momentum transport, and help overcoming its separation when applied to flows in
adverse pressure gradients. By tuning the thickness of the porous substrate accordingly to
that of the approaching boundary layer, the Leeward configuration could exploit the same
mechanism, if optimized for the purpose. With the present data, the comments are just spec-
ulative, and it is not possible to draw conclusions. In fact, the experiment of (Sajben et al.,
1977) should be repeated on circular cylinders. If proved itself successful, the porous coating
could be modified to replicate the performance. As from (Sajben et al., 1977), it is suggested
to test thin substrates, h = O(nδBL), where n is an integer 1 < n < 9. To simplify the
investigation, it is suggested to adopt an architecture comprised of cross-flow cylinders only.
Subsequently, for technological development, the thickness could be modified alongside the
material architecture accordingly to the functional requirements. However, a thick coating
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might not be ideal to the drag reduction due to the rise of a non negligible component of
the parasitic drag coefficient, as showed earlier in this chapter.
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Fig. 6.11: Graphical outline of the physical flow model of the momentum transport of the
Leeward configuration.
Conclusions and Suggested Future Work
The porous coating placed at the leeward region reduced the drag coefficient, regardless of
the material architectures tested. Specifically, the Default topology lowered the CD by the
14% against the smooth case and, by a further 8% when the Open-Interface architecture was
tested. Primarily, the drag reduction was associated with the coating location, and exten-
sion, which locally deflected the mean streamlines, sucking the outer flow within the porous
substrate, allowing for the development of the internal, low-momentum flow which inhib-
ited the separation bubble. Secondly, the permeable surface enabled the exchange between
the external, high-momentum flow and the internal one. Despite controlling the transport
mechanism was not possible, the topology modifications disclosed a strong sensitivity to the
interface architecture against a weaker influence of the internal one, for the Re number range
tested. The sensitivity to the material architecture was explained through the dependency
of the momentum transport on the wires layout. It is speculated that at least three different
length scales are involved in the transport of momentum through the porous coating, as in
(Nepf, 2012). These are
 the length scale of the shear layer at the fluid-porous interface;
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 the internal element length scale, i.e. the wire diameter;
 the near-wall boundary layer length scale.
Nonetheless, further studies are required to confirm the former hypothesis and, to under-
stand, and control how the transport process is affected by the geometry. For future work, a
rig should be designed as an enhanced backward-facing step model, whose height ratio with
the approaching boundary layer thickness emulates the tested model in an adverse pres-
sure gradient. The momentum transport against the medium permeability characteristics
should be investigated, as a validation of the hypothesis. However, its performance should
be assessed against a thin layer equipped with cross-flow elements, with no regard of their
cross-section. Afterwards, the substrate architecture could grow in complexity. Following the
studies of (Zdravkovich, 1988), and (Sumner et al., 2000) who investigate how the mean
flow characteristics of cylinders array can be modified by their layout, it is suggested to
parametrize it in terms of
 wires diameter;
 gap within the stream-wise pair;
 gap within the cross-flow pair;
 stream-wise distance between the pairs;
 cross-flow distance between the pairs.
Then, the investigation should be repeated by adding Z-wires as a source of anisotropy
in the form of out-of-plane vortex sheets. The same parametrization as above should be
applied. Eventually the wires stream-wise orientated should be added. A modular design
could allow the wires replacement with no need to re-manufacturing the architecture. The
coating thickness should be an additional parameter for the optimization.
The near-wake analysis disclosed the St number modification and it confirmed the CD trend
for all the three topologies. The interaction between Lf and δ play a relevant role for the
St number trend, alongside the base pressure coefficient. On the other hand, the vortex
strenght was deemed not relevant on the St number value. Besides, the analysis confirmed
the discrepancies of the Default configuration at the lowest Re number against the Open-
Core.
7Summary and Conclusions
7.1 Summary
Architectured lattice materials are appealing for the possibility of customizing their prop-
erties via the modification of their architecture. Their structural performance have been
thoroughly investigated over the years, for the development of composite, light-weight struc-
tures. This work focused on the reduction of bluff bodies aerodynamic drag, with the vision of
combining the structural performance assessed in previous works, with the potential benefits
on the aerodynamics of bluff bodies. Specifically, it explored the drag reduction capabilities
of an architectured woven coating, 3DW, applied over three selected angular locations of a
circular cylinder. Originally manufactured via 3D weaving, 3DW is made up of two orthogo-
nal families of wires alternatively stacked onto each other, namely warp-wires, and fill-wires,
and a third one, Z-wires, whose elements are weaved, and bonded around the other two.
The material replaced the solid portion of cylinder models over 81° at the windward region,
the Stagnation configuration, at the top and bottom regions, the Separation configuration,
and over 243° at the leeward region, the Leeward configuration. All the cases were tested
with the flow angle of attack at 0° relatively to the stagnation point. At each location, three
coating architectures were tested, and compared against the baseline case represented by a
smooth cylinder. The initial topology design, the Default, was inspired to a previous study,
which optimized the structural and the heat transfer behavior. Its subsequent modifications,
namely the Open-Core, and the Open-Interface, decreased the wires density at the core, and
at the interface respectively. Two additional topologies, the Passive-Jets, and the Empty-
Top, were applied at the Stagnation, and at the Leeward regions respectively, to assess the
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insights gained by the analysis of the results of the previous architectures. Additionally, a
case representing a surface texture, the Texture, was applied at the Stagnation, and at the
Separation configurations to investigate the impact of the wall-permeability on the perfor-
mance. Further reference cases were represented by the Slotted configuration, and the smooth
case equipped with trip-wires of two sizes, which were compared against the Leeward, and
the Stagnation configurations, respectively.
The experimental models were placed in the wind-tunnel, and enclosed by end-plates of ap-
propriate size. The models’ aspect ratio, taken as the cylinder span over the diameter, was
fixed at 11. The drag was measured via two load-cells, over an active section of aspect ratio
7.5, not to include the end effects due to the boundary layer developed over the end-plates.
Information on the mean flow were acquired through static pressure measurements at the
inner, and at the outer surface of the coating, both averaged over the architecture elemen-
tary cell. Additionally, the near-wake behind the cylinder was investigated via Laser Doppler
Anemometry, to detect any alteration of the vortex shedding frequency. Based on the lit-
erature, the extension of the formation region, the base pressure coefficient, the shear layer
thickness, and the vortex strength were analyzed, to detect any trend with the alteration of
the non-dimensional vortex shedding frequency, namely the St number.
Two out of three configurations decreased the drag coefficient. Specifically, the Leeward con-
figuration reduced it by the 23%, and the Stagnation reduced it by the 40%, approximately.
The latter presented the greatest Re number dependency, and no sensitivity to the topol-
ogy alteration, when the Default, the Open-Core, and the Open-Interface were tested. The
former was explained by the analysis of the pressure coefficient profiles. They revealed a
recovery of the base pressure coefficient, which increased with the Re number. This was
ascribed to the turbulent transition of the boundary layer, which delayed the location of the
separation point, favouring the recovery of the base pressure coefficient. Although it could
be conventionally achieved through trip-wires, the static pressure measurements suggested
an alternative mechanism for turbulent transition, for the absence of the characteristic kinks
in the pressure coefficient profiles. It was inferred that the interaction between the secondary
flow developed inside the medium, and the flow developed over the medium’s surface was
responsible of perturbing the boundary layer in the form of distributed passive-jets, and
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promoting turbulent transition. The inferred mechanism was indirectly proved by testing a
fourth topology, the Passive-Jets, which improved the performance at the lowest Re number
compared to the Default topology, while maintaining similar ones at the highest. Notice-
ably, it outperformed the trip-wire of size 0.9% d/D, at the lower Re number range, without
exhibiting kinks on the pressure coefficient profiles, hence strengthening the inferred hy-
pothesis on the working mechanism. The results of the Passive-Jets topology disclosed the
sensitivity to the topology alteration for the Stagnation configuration. Furthermore, they
pointed at the medium’s permeability characteristics, and at its porosity as two of the key
parameters to achieve control on the flow. Although not assessed, the suggested mechanism
requires a minimum on the coating thickness which may limit its technological application on
thin-walled structures. The comparison against the Texture provided a further confirmation
on the wall-permeability’s role on the flow modification. Although the Texture exhibited a
similar drag reduction, and Re number dependency to the porous case, the analysis of the
near-wake frequency spectra suggested a different impact on the flow. In fact, the rise of the
base pressure coefficient occurred for the disruption of the periodic vortex shedding, rather
than for the delaying of the separation point.
The Leeward achieved a lower drag coefficient reduction, and a weaker dependency on the Re
number. The analysis of the pressure coefficient profiles, and the comparison of the Default
topology against the Slotted configuration, suggested an entrainment action of the porous
coating on the approaching boundary layer, which did not occur when the coating was not in
place. The entrainment of fluid modified the streamlines curvature towards the porous sub-
strate, avoided the flow separation, and allowed the base pressure recovery, which reduced
the drag coefficient compared to the smooth, and the Slotted case. The analysis of the static
pressure measurements at the inner and at the outer surface of the coating suggested that
the medium’s permeability characteristics along the stream-wise direction are not the key
parameters to control the flow, in contrast with the observations on the Stagnation config-
uration. The results of the Empty-Top architectures strengthen the above observation. The
tests of the Open-Core, and the Open-Interface architectures disclosed the sensitivity of the
configuration to the topology modification on the drag reduction. Specifically, they high-
lighted the relevance on the performance of both the internal and the interface wires layout,
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the latter providing a greater impact. It was inferred that the working mechanism is based
on the transport of momentum from outside the porous coating, to the near-wall region. The
modification of the material architecture altered the flow inside the porous substrate, thus
the transport of momentum through the medium, and finally the performance. In spite of
being necessary to the performance, the development of the flow within the coating, and the
associated momentum transport led to a non-negligible parasitic drag. Ideally, the material
optimal design might not require a deep substrate for the Leeward, in contrast with the
Stagnation configuration.
On the other hand, the Separation configuration did not reduce the drag coefficient. It re-
vealed a behaviour similar to the Leeward, entraining the incoming boundary layer, thus
developing flow through the porous medium, which rose the parasitic component of the drag
coefficient. Also, it disclosed sensitivity to the topology alteration with the same trend as
the Leeward, having the Open-Core with the worst performance, the Default with inter-
mediate, and the Open-Interface with the best ones, yet worse than the smooth case. The
detrimental effects on the drag coefficient were ascribed to the extension of the coating far-
ther towards the stagnation point compared to the Leeward configuration. This generated
an earlier entrainment of fluid, and triggered the dissipative action of the porous coating on
the flow, thickened the boundary layer, and anticipated the flow separation, in comparison
with the smooth case. This impeded the base pressure recovery, hence the drag reduction.
In contrast, the Texture topology placed at the present location led to better performance,
and reduced the drag coefficient by promoting turbulent transition. Generally, the presence
of wall-permeability near the separation location appears to be less effective to the drag
reduction, compared to a permeable wall at the stagnation region.
All the three configurations produced an alteration of the St number regardless of the drag
coefficient reduction. The analysis of the base pressure coefficient against the St number,
disclosed a dependence between the two. However, the Separation configuration showed a
base pressure coefficient within the experimental uncertainty with the smooth case, in con-
trast with an increased St number. For the similarity of the pressure distribution, the St
number alteration was ascribed to the boundary layer profile, likely modified in shape for
the presence of the porous coating. At the present case, the modified boundary layer profile
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biased the balance between the length of the formation region and the shear layer thickness,
which contributed to the rise of the St number. Similar observations can be made for the
Stagnation configuration. Although the comparison between the porous, and the smooth
cases shows a marked correlation between the St number and the base pressure coefficient,
their link weakens when the porous case is compared against the trip-wire configuration. This
is enhanced at the lower Re numbers, with the St number values within the experimental
uncertainty for both the configurations, against higher values of the base pressure coefficient
for the trip-wire. However, the latter is balanced by the greater extension of the formation
region, which brings the St number value close to the porous configuration. Similarly to
the Separation configuration, the alteration is likely a by-product of the modification of the
boundary layer velocity profile. The same observations apply to the Leeward configuration,
in particular with the Default architecture results.
7.2 Key Findings
The key findings of the research are summarized in the following. It was found that:
 the porous coating can reduce the drag of bluff bodies;
 its interaction with the flow changes with the angular location. Consequently, the drag
coefficient reduction changes both in magnitude, and in trend with the location of the
coating.
When placed at the Stagnation region, the coating revealed a strong Re number dependency
for the promotion of turbulence within the boundary layer. Specifically:
 the analysis of the flow field in terms of the static pressure measurements, and the near-
wake suggested the development of a boundary layers with a distinct velocity profile at
separation, compared to that of a trip-wire;
 the presence of the wall permeability led to major differences in terms of developed flow,
and performance;
 the mechanism of turbulent transition was indirectly showed to be mainly based on the
interaction between the flow outside, and inside the porous medium;
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 it disclosed the potential for customizing the operating Re number;
When placed at the Separation, and at the Leeward regions, the coating revealed a weak Re
number dependency. Specifically:
 the presence of the coating inhibited the generation of the separation bubble which oc-
curred for the slotted configuration;
 it showed to be strongly sensitive to the topology alteration and, increasing the interface
porosity gave the best performance;
 the sensitivity to the internal architecture revealed to be weaker than the interface one,
yet still present, particularly at the lowest Re number;
 decreasing the resistance encountered by the flow along the mean-flow direction was found
not to be the main responsible for the drag reduction;
 the presence of the coating induced a non-negligible parasitic drag;
 the presence of the wall permeability did not lead to better performance than the textured
surface, for the tested cases;
For the proposed mechanisms, a thick coating is not suggested to be applied at the Leeward,
whereas it is required at the Stagnation. In fact, the comparison with the results from chap-
ter 5 indirectly hinted that surface roughness might be a better choice near the separation
region, whereas it is not at the stagnation.
Additionally, all the configurations led to an increase of the shedding frequency. Although this
was linked to an increase of the base pressure coefficient, its trend was mainly ascribed to the
thinning of the shear layer which was not balanced by the elongation of the formation region.
From the key findings, the following observations are suggested. Namely:
 the angle of attack is a relevant design parameter for the medium topology, likewise the
thickness. Likely, this must be seized based on the approaching boundary layer thickness
for the Leeward configuration and based on the incoming flow’s speed for the Stagnation.
 The medium’s permeability characteristics, and the local porosity affected the CD(Re)
for the Stagnation configuration when the Passive-Jets case was tested. Further, the
configuration highlighted the importance of the wires layout against the bulk porosity.
7.3 Limitations and Suggested Future Work 119
 The better performance of the Open-Interface at the Leeward region, were suggested to
be linked with an improved transport of fluid between the external and the near-wall
region. A conceptual example gave guidelines for the material optimization. The medium
must be permeable to the momentum transport across the thickness, whereas a trade-off
must be sought on the permeability characteristics along the main flow direction.
 The Empty-Top pointed at the relevance of the coating’s lower region for the inhibition
of the recirculation bubble.
 The modification of the St number is mainly linked with the base pressure coefficient.
However, for non-smooth surfaces, the boundary layer’s velocity profile should be addi-
tionally investigated, as from the presented results for the porous configurations.
7.3 Limitations and Suggested Future Work
The present work disclosed some findings, and observations on the external aerodynamics
of lattice materials applied to circular cylinders. However, the employed models limited the
investigations. Primarily, their size coupled with the experimental facility limited the Re
number range. For the dependency on the Re number disclosed by the configurations, and
the range at which technological applications operate, the next models should be increased in
their size. This would extend the Re number range for both the Stagnation, and the Leeward
configurations, thus seeking for the existence of any plateau in the CD(Re) curves.
Nevertheless, the final objectives would be achieving control on the flow and, customizing the
material’s architecture to attain the requested performance. The above observations on the
flow physics highlighted the importance of the boundary layer characterization, both for the
drag coefficient, and for the Strouhal number alteration. Thus, the models upgrading should
allow the acquisition of the flow field inside, and over the porous region. The investigation
could help on confirming the observations presented earlier, and could characterize the flow
field for the development of numerical models. However, cylindrical shapes may not be ideal
for a thorough boundary layer characterization. Flat plates placed normal and tangential
to the incoming flow may represent a better choice to accomplish the task. They should be
studied in a ZPG first, and in an APG as next. For both the configurations, the ratio be-
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tween the boundary layer and the coating thickness must comply with the circular cylinder
test. Afterwards, the thickness can be varied as an additional parameter for the boundary
layer characterization.
The Stagnation case should be investigated employing a flat plate model placed normal to
the incoming flow, which decouples the interaction between the external boundary layer de-
veloping over a rough surface, and the cross-flow jets. Firstly, it should be investigated how
the distribution of the Reynolds shear stresses differ from that of a tripped boundary layer
and, if so, how farther downstream the boundary layer stores these differences in memory.
Subsequently, the material architecture can be altered to investigate the boundary layer con-
trol.
Differently, the Leeward configuration requires an investigation on a plate placed tangential
to the flow. To simplify the studies, the first case should be made up of cross-flow elements
whose main axis is aligned with the span-wise direction. Afterwards, elements normal to
the wall, or stream-wise oriented can be alternatively added. For all the cases, the mo-
mentum transport through the medium should be studied, to either confirm, or reject the
working hypothesis presented in this thesis. Also, the study of the flow inside the medium
could provide the information on the physical quantities, which describes the drag coeffi-
cient trend over the Re number range. Specifically, it could be assessed whether the CD is
a function of the Re number defined by the external flow velocity, and the cylinder diam-
eter, as Re = f(Ufree−flow, Dcylinder), or a local Re number is needed, for instance scaled
by the flow speed, and the length scale inside the porous medium. Similarly to the Stag-
nation, the boundary layer produced by the porous substrate should be compared against
that produced by surface roughness, or a tripping device. Although these generated better
performance, the potential filtering action of the porous coating could augment the turbulent
momentum transport towards the near-wall, and delay the separation further downstream
than the rough cases.
To summarize, the questions to be addressed in future work are presented as follows, under
various headings:
1. General
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 Which are the relevant scaling quantities to describe the CD = f(Re)?
 Can the drag reduction be linked to any physical property of the porous medium? And
the inhibition of the separation bubble?
 If the boundary layer velocity profile, and the associated circulation would be measured
prior to the detachment, would it be possible to extract a definitive pattern for the
selection of the St number?
2. Stagnation
 Does the CD(Re) reach a plateau?
 Does the boundary layer’s velocity profile differ from that of a tripped one?
And,
 Does it keep a distinct profile just before the separation, as suggested by (Fric and
Roshko, 1994)?
If so:
 Could the configuration outperform the trip-wire in term of drag reduction?
 What is the minimum value for the thickness to switch the behaviour from porous
coating to surface texture?
3. Leeward
 Can the CD be reduced via turbulence augmentation, as in (Sajben et al., 1977)?
If so:
 Can the architecture be designed to exploit turbulence augmentation and, to outper-
form distributed, or localized rough elements?
7.4 Beyond the Drag Reduction
The presented work paved the way towards the exploration of aerodynamics of porous media
and, it exclusively focused on the drag reduction of 2-dimensional circular cylinders. Indeed,
the fluid mechanics application of porous materials on bodies could be extended to other
bluff shapes. For instance, there exists square bodies, which are composed by flat surfaces,
whose connections between each others produces sharp edges. Those promotes flow separa-
tion, which generates tip-vortices, and a recirculation bubble. As highlighted by (Zdravkovich
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et al., 1989), the vortices generated at those edges can represent a big portion of the total
body drag. The porous coating placed downstream a back-facing step showed the capability
of inhibiting the generation of the separation bubble. It could be applied over the edges of
the former geometries, to inhibiting the associated instabilities. Specifically, it could be of
interest to the heavy-weight vehicles industry. (Minelli et al., 2018), and (Minelli et al., 2016)
both highlighted the importance, and the industrial interest on the inhibition of the separa-
tion bubble behind the front rounded corners of a truck for the CD reduction. The authors
presented synthetic jets tuned at a frequency matching the free-shear layers instability as
the best performing on the bubble size reduction. Nevertheless, the solution is of the active
type thus, it requires energy. A coated corner could reveal a simpler, yet effective alterna-
tive. Alternatively, porous strip could be placed towards the trucks base region to control the
boundary layer momentum thickness through the mixing at the porous-fluid interface, as per
the increase of the former rises the base pressure and reduces the drag, (Buresti et al., 2007).
However, in both cases the potential saving in pressure drag should be assessed against the
likely increase of the parasitic drag, analogously to chapter 6.
Potentially, the mixing at the porous-fluid interface could be exploited to control the pres-
sure distribution around the body. The application would interest lift generation, rather than
drag reduction, thus aerofoils. If placed on the pressure side, it would be an alternative for
modifying the circulation around the body, thus the lift. The gain in lift should be compared
against the growth in drag for the increased friction. Alternatively, a study on wings of finite
span would disclose the applicability of porous coating to the alteration of tip vortices. Upon
understanding of the momentum transport across the porous medium, it could be exploited
to control the down-wash effect as an alternative to winglets. Again, the potential gain should
be compared between the parasitic drag induced by the porous tips against that from the
winglets.
Switching from the aerodynamics to the aeroacoustics, cavity flow is a problem for noise
generation due to the feedback loop between the cavity floor and the shear layer detached
from the cavity leading-edge, (Rowley and Williams, 2006), which, in turn, induces pressure
fluctuations. Primarily, porous materials are known for their sound attenuation characteris-
tics as demonstrated by the studies of (Bae and Moon, 2011) for trailing edge, (Arcondoulis
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et al., 2018) and (Showkat et al., 2016) for bluff body noises. Hence, placing a layer of porous
coating in the cavity floor could dampen the pressure fluctuations and stabilize the shear
layer, (Lai and Luo, 2008). The material geometry could be tuned such that the acoustic
impedance matches the frequency of the travelling wave, to attenuate the generated noise,
(Kuczmarski and Johnston, 2011).
Finally, the interaction between porous media and the pressure waves propagation could be
extended to hypersonic flows to inhibit the turbulent transition which causes higher friction
drag and structural heating. In spite of the few experimental, promising studies, (Lukashe-
vich et al., 2012), no development or actual implementation of the solution has happened up
to date to the author’s knowledge. Due to the high temperature associated with such flows,
the lack of technological development could be related to the lack of heat resilience of metal-
lic foams whose structural properties are not able to satisfy the functional requirements for
high thermal loads. Although NiCr, and Cu have been employed for the manufacturing of
the woven coating wires, additional materials could be tested to match the operating range
of hypersonic flows, thus favouring further tests for the technological development.
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AAppendix
A.1 RANS in Cylindrical Coordinates
The Reynolds Averaged Navier-Stokes equations can be derived from the Navier-Stokes
equations upon substitution of
u(x, t) = u¯(x) + u′(x, t) (A.1)
where the terms at the RHS represents the mean and the fluctuating components respec-
tively. This leads to
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along the azimuthal radial and z direction. The respective viscous terms are in the form of
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A.2 The Estimation of the 3DW Permeability Characteristics
The material permeability characteristics were estimated by measuring the pressure losses of
the flow crossing two samples of Woven Lattice Material. A bespoke, open type wind tunnel
of circular cross-section was built, and it is reported in Figure A.1. A honeycomb was placed
after the inlet for the flow alignment and the divergence is contained to avoid flow separation.
The pressure drop was measured just downstream and upstream the specimen to isolate the
pressure drop of the flow through the porous medium from that due to the friction losses
along the pipe walls. The data sets of pressure drop against the velocity data were compared
against the Darcy-Forchheimer’s law to extract κ, and β, i.e. the medium permeability, and
the Forchheimer factor, respectively. They are reported in the Figures A.2a, and A.2b. Both
the charts report the coefficients estimated from the flat geometry of the Default and Open-
Core topologies. In accordance to the Forchheimer’s law, (Forchheimer, 1901), the lower β
or the higher κ, the higher the hydraulic conductivity of the medium, thus the lower the
pressure losses.
Fig. A.1: Bespoke open-circuit wind-tunnel for permeability characteristics estimation.
A.3 Preliminary Direct Drag Measurements
Preliminary drag measurements were performed on a free-ends cylinder to qualitatively assess
the impact of the coating location and angular extension on the CD. The results are reported
in Figure A.3. The numerical value relates to the coating angular extension and the text
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Fig. A.2: The plots of the medium permeability characteristics for the Default and Open-
Core.
label to the coated portion, either upwind or leeward. The performance become detrimental
between 81°, and 162°for the upwind locations, whereas there are minor effects when the
coating is placed at the leeward, once the boundary layer has separated from the surface. It
must be reminded that the rig represents a free-ends cylinder and it was used as a guideline
to develop the cases for the model with end-plates.
A.4 Post-Processing Software
The conditional sampling and the formation region estimation are outlined in the following
charts. Figure A.4 outlines the process for obtaining the vortex strength from the condition-
ally sampled data. The wake profile is scanned through the LDA, while the hot-wire is placed
at a fixed position, nearby the near-wake edge. The LDA signal triggers the acquisition. In
the post-processing, the hot-wire is used as the reference to sample the LDA data into bins.
An algorithm seeks for two successive peaks in the hot-wire signal to extract the single event
period. Then, this is subdivided into bins which are filled with the LDA data belonging to
the same bins interval. The post-processing is applied to all the points to obtain the velocity
field. Eventually, the vortex strength is estimated based on the vorticity value at the center
of each grid element, through a FEM method.
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Fig. A.3: Preliminary results on a free-ends cylinders to assess the sensitivity of the porous
coating location on the CD.
Figure A.5 outlines the process to obtaining Lf from the longitudinal scan of the velocity
profile downstream the cylinder. Each point obtained from the longitudinal profile was pass-
band filtered at a frequency which was the double of the event, as in Griffin (1995). The
urms was estimated from the filtered signal. The data were plotted and interpolated through
a spline to improve the resolution. The Lf was taken as the location of the maximum. The
rounding of the profile around the maximum could lead to an interpolation error. This was
estimated as the distance between the two neighbors whose values were just outside the LDA
uncertainty.
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Fig. A.5: Flowchart of the algoithm for the estimation of Lf .
